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Abstract 
Pregnancy and lactation induce dramatic changes in maternal bone structure and mechanics, as a result 
of the increased calcium demand caused by fetal/infant growth. After weaning, the maternal skeleton 
enters an anabolic phase where reproductive bone losses are partially, but incompletely, recovered. 
However, clinical studies have indicated that reproductive history does not increase the long-term risk of 
developing osteoporosis or fracture, forming a paradox. This thesis aimed to thoroughly characterize the 
effects of pregnancy, lactation, and weaning on maternal bone structure and mechanics, and to 
investigate structural compensations that allow for the maintenance of the mechanical integrity of the 
female skeleton in the face of permanent, reproduction-induced alterations in skeletal phenotype. We 
used a rat model, combined with in vivo micro-computed tomography (µCT) imaging techniques, to track 
the immediate and long-term effects of reproduction on maternal bone at multiple skeletal sites. Our 
findings indicated that, although reproduction induces dramatic structural changes, many of which remain 
long after weaning, the maternal physiology also comprises several innate compensatory mechanisms 
that allow for the maintenance of skeletal mechanical integrity throughout the lifespan despite 
permanent, reproduction-induced skeletal deficits. We identified three such adaptations: 1) Changes in 
cortical bone structure and alterations in the load-sharing between the trabecular and cortical 
compartments allowed for the maintenance of whole-bone mechanics despite trabecular bone loss. 2) 
Location-specific differences in the extent of reproductive bone loss and post-weaning recovery resulted 
in a lower degree of microstructural deterioration at trabecular sites that play a critical load-bearing role. 
3) Females appeared to start off with more bone than mechanically necessary, which allowed for a buffer 
to offset future reproductive bone loss. Furthermore, our final investigation of the effects of reproductive 
history on bone loss patterns later in life indicated a protective effect of reproduction on future estrogen-
deficiency-induced bone loss, as rats with a history of pregnancy and lactation underwent lower rates of 
bone loss after ovariectomy than virgin rats with no prior history of reproduction. Overall, this work forms 
a strong foundation upon which to base further studies into the impacts of pregnancy, lactation, and 








X. Sherry Liu 
Keywords 
Bone mechanics, Bone microarchitecture, Bone remodeling, Lactation, Osteoporosis, Pregnancy 
Subject Categories 
Biomechanics | Biomedical 
This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/2839 
STRUCTURAL ADAPTATIONS OF THE MATERNAL SKELETON IN RESPONSE TO 
REPRODUCTION AND LACTATION 




Presented to the Faculties of the University of Pennsylvania 
in 
Partial Fulfillment of the Requirements for the 
Degree of Doctor of Philosophy 
2017 
 
Supervisor of Dissertation     Graduate Group Chairperson 
 
______________      ______________ 
X. Sherry Liu, Ph.D.      Ravi Radhakrishnan, Ph.D.  
Assistant Professor of Orthopaedic Surgery   Professor of Bioengineering  
 
Dissertation Committee 
Robert L. Mauck, Ph.D. (Committee Chair)  
Mary Black Ralston Professor of Orthopaedic Surgery, University of Pennsylvania 
Ling Qin, Ph.D. 
Associate Professor of Orthopaedic Surgery, University of Pennsylvania 
Liyun Wang, Ph.D. 
Professor of Mechanical Engineering, University of Delaware 
Felix W. Wehrli, Ph.D. 





 This work would not have been possible without the help, advice, and support of 
my mentors, colleagues, friends, and family. I would first like to thank my advisor, Dr. X. 
Sherry Liu, for the invaluable training she provided throughout my time working in her 
laboratory. Additionally, I greatly appreciate her unwavering encouragement and support, 
both in my experiments and my professional development. I also would like to thank my 
committee members, Dr. Rob Mauck, Dr. Ling Qin, Dr. Liyun Wang, and Dr. Felix 
Wehrli, for their valuable insight and recommendations for this project, as well as for 
supporting me professionally throughout my time at Penn.  
 I greatly appreciate the efforts of everyone who contributed directly to this 
project. Dr. Allison Altman-Singles provided essential guidance in setting up the initial 
experiments upon which this thesis was based, and her knowledge contributed greatly to 
my graduate education. Wei-Ju Tseng, Yihan Li, and Hongbo Zhao each provided 
numerous contributions to this project. I greatly appreciate their willingness to help, and I 
am also grateful for their scientific insight, as well as their friendship and support over 
the past several years. I also thank the past and present undergraduates of the Liu lab, 
including Laurel Leavitt, Connie Li, Juhanna Robberts, and Casey Krickus, for their 
contributions to this thesis. I very much appreciate the assistance of Dr. Do-Gyoon Kim 
and Dr. Yonghoon Jeong from the University of Ohio with the nanoindentation portion of 
this study. I also am grateful to members of the Qin lab: Drs. Abhishek Chandra, 
Xiaoyuan Ma, Wei Tong, Haoruo Jia, and Tiao Lin, for their advice on the biological 
assays used in this thesis and assistance in performing ovariectomy surgeries. I further 
iii 
 
would like to thank all the members of the McKay labs who provided scientific insight, 
advised me on professional development, and provided encouragement and friendship 
during my time here.  
 Finally, none of this work would have been possible without the unconditional 
support of my family and friends, whom I could count on throughout the ups and downs 
of graduate school. I am especially grateful to my parents, Ella and Patrick, and brother 
Steven, who stood by me throughout, and whose encouragement has helped me get 







STRUCTURAL ADAPTATIONS OF THE MATERNAL SKELETON IN RESPONSE TO 
REPRODUCTION AND LACTATION 
Chantal M.J. de Bakker 
Dr. X. Sherry Liu 
Pregnancy and lactation induce dramatic changes in maternal bone structure and 
mechanics, as a result of the increased calcium demand caused by fetal/infant growth. 
After weaning, the maternal skeleton enters an anabolic phase where reproductive bone 
losses are partially, but incompletely, recovered. However, clinical studies have indicated 
that reproductive history does not increase the long-term risk of developing osteoporosis 
or fracture, forming a paradox. This thesis aimed to thoroughly characterize the effects of 
pregnancy, lactation, and weaning on maternal bone structure and mechanics, and to 
investigate structural compensations that allow for the maintenance of the mechanical 
integrity of the female skeleton in the face of permanent, reproduction-induced alterations 
in skeletal phenotype. We used a rat model, combined with in vivo micro-computed 
tomography (µCT) imaging techniques, to track the immediate and long-term effects of 
reproduction on maternal bone at multiple skeletal sites. Our findings indicated that, 
although reproduction induces dramatic structural changes, many of which remain long 
after weaning, the maternal physiology also comprises several innate compensatory 
mechanisms that allow for the maintenance of skeletal mechanical integrity throughout 
the lifespan despite permanent, reproduction-induced skeletal deficits. We identified 
three such adaptations: 1) Changes in cortical bone structure and alterations in the load-
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sharing between the trabecular and cortical compartments allowed for the maintenance of 
whole-bone mechanics despite trabecular bone loss. 2) Location-specific differences in 
the extent of reproductive bone loss and post-weaning recovery resulted in a lower degree 
of microstructural deterioration at trabecular sites that play a critical load-bearing role. 3) 
Females appeared to start off with more bone than mechanically necessary, which 
allowed for a buffer to offset future reproductive bone loss. Furthermore, our final 
investigation of the effects of reproductive history on bone loss patterns later in life 
indicated a protective effect of reproduction on future estrogen-deficiency-induced bone 
loss, as rats with a history of pregnancy and lactation underwent lower rates of bone loss 
after ovariectomy than virgin rats with no prior history of reproduction. Overall, this 
work forms a strong foundation upon which to base further studies into the impacts of 
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CHAPTER 1: INTRODUCTION  
A. Introduction 
 Approximately 4 million women in the United States become pregnant and give 
birth each year (1). Recent public health initiatives strongly recommend breastfeeding as 
the major source of nutrition for newborns, and as a result, in the United States, 79% of 
new mothers begin breastfeeding, and up to 50% of mothers breastfeed for at least 6 
months (2). Worldwide, a total of approximately 165 million women per year become 
pregnant, of which at least 40% also go on to breastfeed their infants for at least 6 months 
(1). In recent years, the health benefits of breastfeeding for newborns have become clear, 
and these include improved nutrition, protection from infectious disease, and reduced risk 
of developing a variety of health problems later in life, including obesity, asthma, and 
diabetes (3). In addition to its health benefits for infants, breastfeeding is also believed to 
improve maternal health, as breastfeeding has been associated with decreased maternal 
risk of hemorrhage after delivery, as well as reduced long-term risk of developing breast 
and ovarian cancers and type two diabetes (3). As a result of these purported benefits to 
both the mother and child, the World Health Organization has set a goal to increase the 
rate of exclusive breastfeeding for the first 6 months to at least 50% worldwide by 2025.  
 However, the production of the quantity of breast milk required to support a 
growing infant has the potential to place significant strain on the maternal physiology. In 
order to support infant nutrition and growth, mothers must produce a large volume of 
milk, with the average woman producing approximately 800 mL of milk per day at 6 
months post-partum (4). Breast milk is nutritionally dense, containing a substantial 
quantity of lactose, milk fat, proteins, and minerals. The majority of these constituents 
appear to be regulated independently of the maternal metabolism, and as a result, milk 
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composition is minimally affected by maternal diet (4). Thus, the maternal physiology 
must contain compensatory mechanisms to allow for sustained milk production even 
during times of insufficient dietary intake (4).  
 Notably, the reproductive process requires substantial quantities of calcium, as a 
growing fetus needs 60-350 mg of calcium per day (depending on gestational stage), and 
a breastfeeding infant needs an average of 200 mg of calcium per day to support healthy 
bone growth (5). The maternal physiology is able to meet this increased calcium demand 
through several mechanisms, including increased intestinal absorption of calcium, 
alterations in the rate of renal calcium excretion, and, importantly, skeletal resorption (5). 
In fact, the rate of bone loss during lactation can result in reductions of up to 1-1.5% 
decreases in bone mineral density (BMD) per month (6-9), which is substantially higher 
than the average post-menopausal bone loss of 1-2% decrease in BMD per year (10).  
 Strikingly, the maternal skeleton undergoes an anabolic period after weaning (11-
14), resulting in a partial recovery of bone structure and strength (5,13,15,16). However, 
the question of whether or not the maternal bone recovers completely after weaning 
remains controversial. Although a large number of retrospective clinical studies have 
been carried out, indicating that reproductive history has no negative long-term effect on 
risk of developing post-menopausal osteoporosis or fracture (5), multiple evaluations in 
both animals and humans have demonstrated that alterations in maternal bone structure 
and/or mechanics remain long after weaning (11,13,15,17-22). In spite of the large 
number of women that are affected by pregnancy- and lactation-associated skeletal 
changes, little is known about the precise patterns of bone loss and recovery that take 
place during this time period, and, as a result, the long-term impacts of these changes on 
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maternal skeletal health remain unclear. Thus, the overall goal of this thesis was to 
precisely track the immediate and long-term changes in maternal bone structure and 
mechanics that occur as a result of pregnancy, lactation, and post-weaning in a rat model, 
as well as to evaluate structural compensations that allow for the maintenance of the 
mechanical integrity of the female skeleton in the face of permanent, reproduction-
induced alterations in maternal bone. 
B. Background 
B.1 Structural and metabolic roles of the skeleton 
 The skeleton fulfills critical structural as well as metabolic functions. Structurally, 
bones such as the skull and ribs form vital protection for soft tissues, including the brain, 
heart, and lungs. The long bones also provide a resistance against which muscles can 
contract to allow for movement. Thus, together with other tissues of the musculoskeletal 
system, the bones play a crucial role in locomotion. In addition to these structural and 
mechanical functions, the bones also form an important reservoir for minerals, notably 
calcium and phosphorus, which can be accessed to allow the body to maintain 
homeostasis. The proper functioning of the skeleton in each of these diverse roles is 
critical for an organism's survival.  
B.2 Bone cell activities 
 In order to maintain its mechanical integrity, as well as balance its structural and 
metabolic roles throughout the lifespan, bone tissue is constantly being degraded and 
rebuilt through coupled actions of osteoblasts, osteoclasts, and osteocytes. As a result, 
bone microstructure and material properties are highly dynamic. The processes that are 
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responsible for regulating bone structure and material properties have been grouped into 
three main categories: remodeling, modeling, and perilacunar changes (Figure 1-1). 
 
Figure 1-1. Schematic illustrating the major processes through which bone structure is 
altered: (A) bone remodeling, (B) bone modeling, and (C) osteocyte perilacunar 
remodeling.  
   
B.2.1 Remodeling 
 During bone remodeling, old bone tissue is removed and is replaced by new tissue 
through the coordinated actions of osteoblasts and osteoclasts. Classically, bone 
remodeling is divided into three phases: 1) Activation, whereby a new bone remodeling 
site is established, 2) Resorption, where osteoclasts remove bone tissue from the site, and 
3) Formation, where new bone tissue is formed by osteoblasts (23,24). Bone remodeling 
occurs throughout the lifespan, and is a critical process to replace damaged tissue and 
allow for long-term calcium homeostasis (25). In healthy adults, the rates of bone 
formation and resorption are balanced, resulting in minimal net changes in bone mass 
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(23). However, with old age, after menopause, in several pathological states, as well as 
during lactation, the rate of bone remodeling can accelerate, and/or bone resorption may 
outpace bone formation, leading to bone loss (23,26).  
B.2.2 Modeling 
 In addition to the coupled actions of osteoblasts and osteoclasts that occur with 
bone remodeling, skeletal structure can also be altered through bone modeling, where 
osteoblasts or osteoclasts function independently to shape bone (25). Historically, bone 
modeling has most commonly been studied in association with skeletal development and 
growth (25). However, bone modeling has also been shown to be involved in skeletal 
adaptation to mechanical loading (25), and, more recently, several groups have found that 
modeling-based bone formation is responsible for a substantial fraction of new bone 
formation taking place on adult trabecular bone (27,28). Therefore, modeling-based bone 
formation has been identified as a potential therapeutic pathway to efficiently increase 
bone mass (25,29).  
B.2.3 Osteocyte perilacunar remodeling 
 In addition to osteoblasts and osteoclasts, osteocytes are also able to directly 
modulate their surrounding tissue, and thereby can induce changes in bone tissue 
mineralization and material properties. Unlike osteoblasts and osteoclasts, which work on 
the surfaces of bone, osteocytes are embedded within the mineralized matrix (30). 
Through the extension of dendritic processes, osteocytes form a network which connects 
individual osteocytes to one another as well as to the bone surface, and osteocytes have 
therefore been shown to play critical roles in bone's ability to sense mechanical 
stimulation and in regulating the actions of other cells (30). In addition, osteocytes are 
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directly able to modulate their surroundings, by removing mineral from the surrounding 
matrix (31) and/or forming new bone tissue on the surfaces of their lacunae (32). More 
recent studies have confirmed that this process of osteocyte perilacunar remodeling 
occurs in various conditions, most notably during lactation (33). This osteocyte-based 
perilacunar remodeling has the potential to directly affect bone tissue-level material 
properties (34), and has been hypothesized to be an important factor in the skeleton's 
metabolic role in maintaining calcium homeostasis (30).  
B.3 Bone structure and mechanics 
 In a healthy individual, the combined actions of osteoblasts, osteoclasts, and 
osteocytes are generally balanced, resulting in a fairly constant mechanical integrity of 
the skeleton. However, as a result of physiological challenges, including changes in 
metabolic need or loading patterns, as well as during pathological conditions, dramatic 
changes in the rate of bone remodeling, modeling, and/or osteocyte perilacunar 
remodeling occur, which have the potential to substantially impact skeletal function. 
Ultimately, a bone's function is defined by its ability to resist fracture and maintain the 
skeleton's structural role. This whole-bone mechanical integrity depends on a variety of 
factors, including the total quantity of bone present, microarchitecture of the cortical and 
trabecular compartments, and tissue-level material properties.  
B.3.1 Bone density 
 The quantity of mineralized bone tissue is most commonly measured through 
evaluation of the bone mineral density (BMD). Clinically, areal BMD (aBMD), measured 
through dual energy X-ray absorptiometry (DXA), is the primary method of evaluating 
an individual's bone mass (35). In fact, the diagnostic standard for osteoporosis is defined 
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based on aBMD, as a T-score below -2.5 at the spine, femoral neck, or total hip, where 
the T-score is calculated as the difference between an individual's aBMD and the average 
aBMD for young adults, normalized by the standard deviation of young adult aBMD 
(36).  Multiple epidemiological studies have demonstrated that aBMD is predictive of 
fracture risk, and therefore, DXA-derived aBMD is a commonly used surrogate measure 
of bone strength (35).  
 In addition to DXA-based measurements, BMD can also be evaluated based on 
quantitative computed tomography (QCT). In this case, instead of a two-dimensional 
projection of bone mineralization, the BMD is measured as the average mineralization 
within a three-dimensional volume of bone tissue, and is therefore termed volumetric 
BMD (vBMD).  
B.3.2 Trabecular and cortical bone structure 
 In addition to the absolute quantity of mineralized tissue, the bone structural 
organization is also an important determinant of its mechanical strength. As shown in 
Figure 1-2, the skeleton contains two major types of bone: cortical bone, which forms a 
dense ring and provides the majority of mechanical support to the long bones, and 
trabecular or cancellous bone, which forms a complex, interconnected structure at the 
ends of the long bones and within the vertebrae, and plays important metabolic roles in 
addition to providing structural support. The microarchitecture of both cortical and 
trabecular bone is an important determinant of bone strength, independent of the quantity 
of bone present. For instance, basic mechanics theory dictates that, when comparing two 
hollow cylinders with the same cross-sectional area, the cylinder with a greater diameter 
will have an increased moment of inertia, and therefore is more resistant to bending or 
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torsional stress. Thus, the structure of cortical bone is crucial to its mechanical function. 
Similarly, a computational study demonstrated that, in simulated trabecular bone volumes 
with a nearly constant quantity of bone, but variable structural organization, the elastic 
modulus varied substantially, demonstrating the importance of microarchitecture in 
determining trabecular bone mechanics (37). Further studies confirmed this finding in 
trabecular bone volumes from human donors, and also showed that plate-like and 
vertically oriented trabecular elements play a greater role in determining trabecular 
mechanical properties, as compared to rod-like and horizontally oriented trabeculae 
(38,39).  
 
Figure 1-2. Schematic of bone structure at the tibia, illustrating cortical and trabecular 
(cancellous) bone. Reproduced from Jee WS 2001 (40).  
 
 Precise, three dimensional (3D) evaluation of bone structure can be performed 
using micro-computed tomography (µCT). µCT collects x-ray based, projectional images 
of a sample at multiple angles, which are then reconstructed to form a 3D rendering of 
the specimen structure. The most recent µCT imaging systems are able to obtain images 
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at sub-micron resolution, however, voxel sizes of ~10 µm or smaller are generally 
sufficient to characterize most aspects of trabecular and cortical microarchitecture in 
rodents. Following image acquisition, a trabecular or cortical volume of interest (VOI) is 
identified either manually or through automated means (41,42), and µCT images are 
filtered and segmented to obtain a binarized map of the locations of mineralized tissue. 
Trabecular and cortical bone morphology can then be directly quantified. Common 
parameters of cortical bone structure include cortical area (Ct.Area), cortical thickness 
(Ct.Th), polar moment of inertia (pMOI), and endosteal and periosteal perimeters 
(E.Perim and P.Perim) (41). Frequently measured parameters of trabecular microstructure 
include bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness 
(Tb.Th), trabecular spacing (Tb.Sp), structure model index (SMI, a measure of the rod- or 
plate-like character of the trabeculae), and connectivity density (Conn.D) (41,43).  
 In addition to providing an accurate evaluation of bone microarchitecture for use 
in cross-sectional comparisons, the recent development of in vivo scanning systems has 
also led to the use of µCT to longitudinally track changes in rodent trabecular and cortical 
bone structure. By using image registration to align images of an animal made at multiple 
time points, it is possible to quantify microstructural changes with a high level of 
precision (44,45), which allows for the accurate identification of specific changes in bone 
microstructure as a result of physiological processes as well as in disease states and in 
response to treatments (46-48).  
B.3.3 Bone material properties 
 The third major component to whole-bone mechanics is the tissue-level material 
quality. Tissue-level properties are determined by the composition of bone tissue and the 
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interactions between the components (including mineral and collagen). In addition, the 
presence of microdamage within the bone tissue also has the potential to impact its 
material properties. The tissue-level composition can be measured through a variety of 
techniques: µCT-derived tissue mineral density (TMD) provides a measure of the overall 
mineralization of the bone tissue. More precise measurements of the TMD can be 
obtained through backscattered electron (BSE) microscopy (49).  Precise evaluation of 
both mineral and collagen composition can be obtained through Fourier transform 
infrared (FTIR) imaging, which, among other measures, provides measurements of the 
relative mineral and matrix content, mineral crystal size, and collagen cross-link ratio 
(49). Furthermore, nuclear magnetic resonance (NMR) imaging allows quantification of 
bone tissue composition, including water content and mineral structure (49).  
 The combined compositional properties of bone affect its tissue-level mechanical 
properties, including the tissue-level elastic modulus, toughness, and hardness. Such 
properties vary depending on the length scale, and can be evaluated at multiple scales, 
through techniques including microindentation (used to evaluate mechanical properties of 
individual trabeculae) and nanoinedentation (used to quantify mechanical properties at 
the individual lamellar level) (49).  
B.3.4 Whole-bone mechanics 
 Overall mechanical strength is determined by the combination of the quantity of 
bone, its structural organization, and its tissue-level properties. The most direct method 
for evaluating whole-bone mechanics is through direct mechanical testing. 3- or 4-point 
bending and compression testing are most commonly performed, and through evaluation 
of the force-displacement curve, provide a direct measurement of the peak load, 
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displacement, energy to failure, and stiffness (Figure 1-3) (50-52). By correcting for bone 
dimensions, apparent-level stress, strain, modulus, toughness, and ultimate stress can be 
derived. In addition, torsional testing can be performed to evaluate shear properties, and 
fatigue testing can also be performed to evaluate the impacts of repeated loading cycles 
and the resulting microdamage on bone mechanical strength. 
 
Figure 1-3. Idealized force-displacement curve, indicating stiffness, yield, peak load, 
failure, and energy to failure.  
 
B.4 Effects of reproduction on the maternal skeleton 
 The skeleton has the potential to undergo dramatic changes in bone structure and 
mechanics in response to alterations in metabolic requirements, loading conditions, or 
hormone levels. One commonly cited example that also has important public health 
consequences occurs with postmenopausal osteoporosis, where the reduced estrogen 
levels post-menopause induce an accelerated rate of bone remodeling, leading to 
substantial bone loss and reductions in skeletal mechanical integrity. However, in 
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addition to post-menopause, the female skeleton also undergoes dramatic changes in bone 
remodeling, structure, and mechanics during the physiological circumstances of 
pregnancy, lactation, and weaning. In this case, the increased calcium demand caused by 
fetal/infant growth results in maternal bone loss, which is partially recovered after 
weaning.  
B.4.1 Skeletal effects of pregnancy and lactation 
 During human pregnancy, the fetal calcium demand varies substantially, 
depending on the stage of gestation, but has been found to peak at around 300 mg/day 
during the third trimester (5). Similarly, in rats, the majority of the calcium transfer 
occurs during the third trimester of pregnancy (5). However, as a result of their larger 
litter size and shorter gestation period, calcium demands during rodent pregnancy tend to 
be more dramatic than in the clinical scenario. During pregnancy, the efficiency of 
intestinal calcium absorption approximately doubles (5), and radioisotope studies in 
rodents have indicated that the majority of fetal calcium requirements are met through 
maternal dietary intake (53). However, several studies have indicated that skeletal 
resorption also contributes to meeting the increased calcium demand during pregnancy, in 
particular during the third trimester (5,54), leading to small but significant reductions in 
maternal bone mass (55,56). 
 The precise endocrine signals responsible for these pregnancy-associated 
alterations in calcium metabolism are not fully understood (5). Throughout the course of 
pregnancy, women show dramatic elevations in serum estradiol and prolactin. 
Furthermore, progesterone levels are elevated during pregnancy, while serum levels of 
follicle-stimulating hormone and luteinizing hormone are depressed (57). In addition to 
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the dramatic changes in sex hormones, pregnancy also induces a slight reduction in levels 
of parathyroid hormone (PTH) during the first two trimesters, after which PTH levels 
return to normal in women (5). Furthermore, serum levels of calcitriol are generally 
elevated during pregnancy, which likely plays a role in the increase in intestinal calcium 
absorption (5). Finally, levels of parathyroid hormone-related protein (PTHrP) increase 
gradually throughout the course of pregnancy (5). Overall, rodents show highly similar 
pregnancy-associated hormone changes as women, with the notable exception that rats 
have elevated serum PTH levels during pregnancy (in contrast to pregnant women, whose 
serum PTH levels are low) (5). This discrepancy in serum PTH likely results from 
differences in serum calcium levels, as rats undergo hypocalcemia during pregnancy 
(likely as a result of the high calcium demands induced by their large litter size and short 
gestation period), which can cause elevated serum PTH, whereas serum calcium levels 
tend to be normal in pregnant women (5).  
 During lactation, approximately 200 mg of calcium are provided to the infant per 
day (5). In contrast to pregnancy, where increased intestinal absorption forms the primary 
supply of calcium, during lactation, the majority of calcium is supplied through 
resorption of the maternal skeleton. As a result, the rate of bone remodeling is elevated 
during lactation (12,21,58-64), leading to dramatic bone loss, as indicated by 1-1.5% 
reduction in BMD per month of lactation in women (6-9). The extent of lactation-induced 
bone loss has been shown to be site dependent, with the greatest amount of bone loss 
occurring at trabecular sites such as the lumbar spine, while a lower degree of bone loss 
takes place at cortical sites (5). Rodents show similar spatial patterns of lactation-
associated bone loss (15). However, rodents undergo a greater extent of bone loss, with a 
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decline in bone volume fraction of around 30-40% over the course of 3 weeks of lactation 
(15,61,64,65). Although most studies have focused on evaluating changes in osteoblast- 
and osteoclast-based bone remodeling and the resulting changes in skeletal 
microarchitecture (15,61,64,65), several groups have recently shown that osteocyte 
perilacunar remodeling also plays an important role in lactation bone loss (33,34). All 
together, lactation-induced changes in bone mass, microarchitecture, and osteocyte 
perilacunar structure have been shown to result in substantial deteriorations in whole-
bone strength and stiffness (16).  
 The dramatic bone loss that occurs during lactation is likely mediated through a 
combination of endocrine signals; however, the precise mechanisms remain to be 
elucidated. In rodent models as well as in clinical studies, the major factors mediating 
lactation-associated bone loss appear to be estradiol and PTHrP. During lactation, serum 
levels of estradiol have been shown to be reduced (6,58,62,64,66) while levels of PTHrP 
are elevated (64,67,68). Both factors contribute to the increased bone resorption that 
takes place during lactation (64,69). However, although a rodent study that 
simultaneously induced low levels of serum estradiol (through ovariectomy) and high 
levels of PTHrP (through continuous PTHrP infusion) showed that this combination led 
to increased rates of bone resorption compared to either factor alone, the total extent of 
bone loss remained lower than that which occurs during lactation (70). Thus, other 
factors, such as elevated levels of prolactin and FGF-21, are likely also involved in 





B.4.2 Recovery post-weaning 
 After weaning, hormone levels return to normal: in particular, serum levels of 
PTHrP decrease, while estradiol increases to normal (5,72). The precise time course 
during which hormone levels normalize following weaning in a clinical model remains to 
be established (5). However, rodent models of forced weaning demonstrate that, within 1 
to 7 days post-weaning, serum levels of estradiol are elevated, while PTHrP and prolactin 
are significantly reduced (12,64). In addition, immediately after weaning, osteoclasts 
undergo high rates of inactivation and apoptosis, the expression of receptor activator of 
nuclear factor-κB ligand (RANKL) is reduced, and the bone resorption taking place is 
halted (11,12).  The skeleton then enters an anabolic phase, where osteoblast numbers 
and bone formation rates are significantly elevated (13,14). In addition, osteocyte 
perilacunar resorption is also stopped after weaning, and osteocytes begin to deposit 
mineral on the perilacunar surfaces (33).  
 Taken together, the dramatically altered activities of osteoblasts, osteoclasts, and 
osteocytes following weaning lead to a significant increase in bone mass. Clinically, the 
majority of studies have indicated that BMD recovers within one year of weaning (5). 
DXA-based rodent studies showed a recovery of BMD to pre-pregnancy values within 2-
4 weeks post-weaning (73,74), and evaluation of trabecular microstructure indicated 
significant post-weaning increases in BV/TV and Tb.Th (13,15,16). In addition, 
investigations of osteocyte lacunar size and tissue-level material properties indicated 
recovery to virgin levels within one week of weaning (33,34). Taken together, 
improvements in bone microarchitecture and material properties resulted in significant 
post-weaning increases in whole-bone stiffness and strength (16).  
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 However, in spite of the impressive improvements in bone structure and 
mechanics, whether or not the maternal bone recovers completely after weaning remains 
controversial. Although rodent-based investigations showed that BMD recovers to pre-
pregnancy values within several weeks of weaning (73,74), cross-sectional comparisons 
to age-matched virgins demonstrate a persistently lower BMD in reproductive animals 
(11,17). This suggests that BMD may only recover partially in rodents after weaning: as a 
result of the continuous bone growth in rodents, virgin animals show a gradual but 
consistent increase in bone mass, which reproductive animals appear to be unable to 
match, even long after weaning (17). In addition, trabecular microarchitecture remains 
impaired at several skeletal sites long after weaning in rodents (13,15,18). Clinical 
studies have shown similar findings: although the majority indicate a recovery of BMD, 
more recent clinical evaluations of the recovery of trabecular microarchitecture have been 
less straightforward. One group reported recovery of all microstructural parameters at the 
distal tibia except Tb.Th (which remained reduced) by 18 months post-partum (20), while 
another group showed that at 3.6 years post-partum, Tb.N and BV/TV were lower than 
baseline and Tb.Th and Tb.Sp remained elevated (19). Thus, despite the anabolic period 
that takes place post-weaning, pregnancy and lactation-associated bone loss does appear 
to induce permanent skeletal alterations.  
C. Significance of Studies 
C.1 Long-term effects of reproduction on bone mass/fracture risk 
 Osteoporosis affects 35% of postmenopausal women in the United States, and the 
resulting osteoporotic fractures impact as many as 1.5 million individuals per year, 
resulting in substantial costs and morbidity (75). Although postmenopausal osteoporosis 
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is largely a result of elevations in the rate of bone remodeling induced by low estrogen 
levels, the peak bone mass that is achieved prior to menopause also plays an important 
role in subsequent osteoporosis risk (76). In addition to other factors, including bone 
growth during development, nutrition, and physical activity, pregnancy and lactation 
have the potential to dramatically affect maternal peak bone structure and mass, and 
therefore may impact the long-term risk of developing postmenopausal osteoporosis. 
However, the long-term impacts of reproduction on maternal skeletal health remain 
unknown.  
 As described previously, pregnancy and lactation have dramatic and often long-
lasting effects on maternal bone structure and mechanics (6,7,9,19,20,56). However, it is 
unclear how these changes affect the long-term risk of developing osteoporosis or 
fracture. A large number of epidemiological studies have been carried out to evaluate the 
postmenopausal effects of a history of pregnancy/lactation, with varying findings, 
although the majority indicated that reproductive history does not increase the risk of 
developing osteoporosis/fracture after menopause (5). Thus, the current literature 
suggests that although reproduction may induce permanent alterations in maternal 
trabecular microstructure, it does not have detrimental effects on postmenopausal BMD 
or fracture risk, forming an as-of-yet unexplained paradox. To date, no studies have been 
carried out to precisely track the immediate and long-term effects of reproduction on  
bone structure in a tightly controlled experimental model. This thesis represents an effort 
to fill this critical knowledge gap, and thereby provides meaningful insight to help 
elucidate both the immediate and long-lasting effects of pregnancy and lactation on 
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maternal bone health, as well as to clarify how reproductive history affects skeletal 
responses to postmenopausal estrogen deficiency. 
 In addition, this study provides important information regarding the effectiveness 
of animal models in the assessment of the disease processes and treatments associated 
with osteoporosis. The ovariectomized (OVX) rat is one of the most common preclinical 
models used to investigate osteoporosis pathophysiology and treatment (77,78), but the 
majority of studies utilize a nulliparous OVX rat model. Because reproduction 
significantly affects skeletal structure and may also impact skeletal responses later in life, 
and because many women undergo reproduction, a better understanding of the effect of 
this physiological process on both short- and long-term bone health will provide 
important insight into osteoporosis pathology and treatment. 
C.2 Investigation of effects of baseline bone structure on postmenopausal bone loss 
 Besides characterizing the long-term effects of reproduction on maternal bone 
structure and mechanics, this thesis also evaluated the structural mechanisms behind 
osteoporotic trabecular bone loss, and provides information on which trabecular 
microarchitecture is best able to withstand estrogen-deficiency-induced bone loss. In 
addition to its effects on bone strength, trabecular microstructure also impacts bone 
remodeling activities. For instance, the available trabecular surface area on which bone 
cells can act, as well as the thickness of trabeculae, can directly impact the rate of bone 
loss. By correlating baseline trabecular microstructure with the degree of post-OVX bone 
loss, this study provides insight into which trabecular phenotypes are associated with the 
highest degree of bone loss. The recent development of high resolution peripheral 
quantitative CT (HR-pQCT) opens up the possibility of measuring trabecular 
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microarchitecture in a clinical setting. Thus, in the future, the findings reported here may 
allow for improved identification of microstructural risk factors in the development of 
osteoporosis.  
C.3 Imaging-based methods to quantify bone remodeling 
 The image analysis techniques developed as a result of this thesis represent 
substantial progress in the longitudinal evaluation of bone microstructural changes. 
Several studies have utilized registered in vivo µCT images to track changes in trabecular 
microstructure that occur as a result of treatment or disease processes (44,45,47). 
However, µCT can also be used to identify specific sites of bone remodeling (45,79). By 
precisely aligning and overlaying sequential, in vivo scans of the same animal made at 
multiple time points, discrete sites of bone formation and resorption can be identified and 
tracked longitudinally and in three dimensions. Over the course of this study, several 
novel, µCT-based image analysis techniques were developed to allow for the quantitative 
evaluation of changes in trabecular microstructure and remodeling in the rat tibia.  
D. Specific Aims 
 The overall aim of this thesis was to thoroughly characterize the changes in 
maternal bone structure and mechanics that occur as a result of pregnancy, lactation, and 
weaning, as well as to evaluate structural compensations that allow for the maintenance 
of the mechanical integrity of the female skeleton in the face of permanent, reproduction-
induced alterations in maternal bone phenotype. We hypothesized that reproduction and 
lactation would lead to irreversible deterioration in maternal trabecular microarchitecture. 
However, because a history of pregnancy and lactation do not increase the risk of 
postmenopausal osteoporosis/fracture, we further hypothesized that maternal skeletal 
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physiology would provide innate compensatory mechanisms that allow the bone to fulfill 
its structural and metabolic functions throughout the lifespan. In particular, this study 
consisted of three specific aims:  
Aim 1. To longitudinally track the precise effects of pregnancy, lactation, and weaning 
on maternal bone microarchitecture in a precisely controlled experimental model. 
Hypothesis 1a: Pregnancy and lactation will induce dramatic changes in trabecular 
microstructure, and, to a lesser extent, will also affect cortical bone structure 
Hypothesis 1b: The maternal skeleton will enter into an anabolic phase post-weaning, 
inducing substantial bone formation, which will result in a partial, but incomplete 
recovery of trabecular microarchitecture.  
Hypothesis 1c: The effects of reproduction on maternal bone structure will persist long 
after weaning and will be cumulative over multiple reproductive cycles.  
Aim 2. To elucidate the structural adaptations that allow the maternal skeleton to 
maintain its load-bearing function in spite of the irreversibly altered post-reproductive 
bone phenotype. 
Hypothesis 2a: Cortical bone adaptations are able to compensate for trabecular bone loss, 
allowing the overall mechanical function of the bone to be maintained. 
Hypothesis 2b: The degree of reproductive bone loss/recovery is site-dependent, and will 
vary depending on the extent to which the trabecular compartment is involved in the 
bone’s load-bearing function. Reproduction and lactation will induce a physiological 
redistribution of maternal bone whereby trabecular sites that are critical to the bone’s 
load-bearing function undergo a lower degree of reproduction-induced bone loss, while 
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trabecular sites that play a more metabolic role undergo a greater extent of irreversible 
bone loss. 
Hypothesis 2c: Prior to the onset of reproduction, females have more bone than needed in 
order to form a buffer for the future bone loss that will occur as a result of 
pregnancy/lactation. 
Aim 3. To investigate the impact of the long-term alterations in bone structure and 
biology caused by reproduction on estrogen-deficiency-associated bone loss (induced by 
ovariectomy) later in life.  
Hypothesis 3a: Rats with a history of pregnancy/lactation will undergo different patterns 
of ovariectomy-induced bone loss later in life than virgin nulliparous rats.  
Hypothesis 3b: The differential response to ovariectomy-induced estrogen deficiency in 
reproductive rats is caused by a combination of altered baseline trabecular 
microarchitecture and differences in osteoblast/osteoclast responses to estrogen 
deficiency. 
E. Study Design 
 A total of 160 Sprague-Dawley rats were used for this Institutional Animal Care 
and Use Committee (IACUC) approved study. The Sprague-Dawley rat is a commonly 
used model in the investigation of skeletal physiology and pathophysiology (77,78). In 
addition, rat trabecular bone, with an average BV/TV of ~0.3 and Tb.Th of 0.075 mm at 
the proximal tibia, is of adequate size and density to allow for precise, longitudinal 
tracking of microstructural changes by in vivo µCT (44). Although the long bones of rats 
continue to grow throughout their lifespan, longitudinal growth slows significantly after 
age 4 months (46); thus, all studies were performed starting at age 4 months or later.   
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Rats were purchased from Charles River at 3 months of age, and were housed at 
the University of Pennsylvania’s University Laboratory Animal Resources facility. After 
1-2 months of acclimation to the animal facility, at age 4-5 months, female rats were 
randomized into two groups: reproductive and virgin. Reproductive rats were mated, 
followed by a three-week pregnancy, three-week lactation, and three to six weeks of post-
weaning recovery. Depending on the study, reproductive rats underwent either one or 
three complete reproductive cycles. To ensure consistent suckling intensity, litter sizes 
were normalized to 8-9 pups per mother within the first 48 hours after birth. All rats were 
fed a high calcium diet (LabDiet 5001 Rodent Diet, 0.95% Ca) throughout the 
experiment.  
An overview of the study design is shown in Figure 1-4. Aim 1 focused on 
longitudinally tracking changes in bone microarchitecture over the course of three 
repeated cycles of pregnancy, lactation, and weaning. The right proximal tibia of all rats 
was scanned regularly (every 1-3 weeks) by in vivo µCT, and changes in bone 
microstructure were tracked. Similar scan protocols have been shown to induce minimal 
radiation damage in a rat model (80,81).  
Aim 2 involved cross-sectional evaluation of rats at various reproductive stages. 
Age-matched rats were euthanized at the end of pregnancy, after 2 weeks of lactation, 2 
and 6 weeks post-weaning, as well as after 3 repeated reproductive cycles. In addition, 
age-matched virgin female and male rats were used as controls. For each rat, multiple 
bones were collected: histomorphometry was performed at the right proximal tibia and 4
th
 
lumbar (L4) vertebra; µCT-based structural analysis was performed at the right femur, L4 





 lumbar (L2) vertebra; and nanoindentation was performed at the 1
st
 lumbar (L1) 
vertebra. In addition, serum was evaluated for tartrate-resistant acid phosphatase (TRAP), 
a marker of bone resorption.  
Aim 3 evaluated the effect of a history of pregnancy/lactation on estrogen-
deficiency-induced bone loss later in life. Thus, rats used in Aim 3 received ovariectomy 
(OVX) surgery at age 12 months (after 3 complete cycles of pregnancy, lactation, and 
weaning in reproductive rats) to induce estrogen deficiency, and were followed for 1 to 3 
months post-surgery. Rats followed for 3 months post-surgery were used to track 
longitudinal changes in bone microarchitecture at the proximal tibia using in vivo µCT, as 
well as to evaluate the effects of reproductive history and OVX on whole-bone 
mechanics at the right femur midshaft and L2, and bone structure at the right femur, right 
tibia, and L4. Rats followed for 1 month post-surgery were used to evaluate cell activities 
post-OVX through histomorphometry and serum TRAP analysis.  
Power analyses were performed to estimate the required group sizes. Based on an 
estimated variance in the measured parameters of around 20%, and an expected inter-
group difference of at least 30%, we anticipated that a sample size of 6-10 animals per 




Figure 1-4. Study design 
F. Chapter Overview 
 Chapter two will describe the development of an in vivo µCT-based imaging and 
analysis framework that allows for the precise, longitudinal tracking of changes in 
trabecular bone formation and resorption. Chapter three will describe the experimental 
studies performed to track changes in trabecular and cortical bone microstructure at the 
proximal tibia in rats over the course of multiple cycles of pregnancy, lactation, and post-
weaning recovery. Chapter four will describe studies investigating the differential impact 
of reproductive bone loss/recovery at two trabecular sites (the tibia and lumbar vertebra) 
that have variable roles in the skeleton’s load-bearing vs. metabolic function. Chapter five 
will discuss the effects of reproductive history on sexual dimorphisms in rat bone, to 
25 
 
address the question of whether virgin female rats start off with more bone than is 
mechanically needed to compensate for future reproductive bone losses. Chapter six will 
describe investigations into the effects of a reproductive history on estrogen-deficiency-
induced bone loss later in life, including a characterization of altered bone loss patterns as 
well as an evaluation of the possible mechanisms behind the differential response to 
estrogen-deficiency-induced bone loss in rats with and without a reproductive history. 
Finally, chapter seven will summarize the overall conclusions of this thesis and will 
introduce possible future areas of research related to this topic.  
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CHAPTER 2: DEVELOPMENT OF AN IN VIVO µCT-BASED IMAGING 
PLATFORM TO QUANTIFY BONE REMODELING 
 
A. Introduction 
 The healthy skeleton is continuously renewed via coupled and balanced bone 
remodeling. The rate of bone remodeling and the balance between osteoblast-based bone 
formation and osteoclast-based bone resorption play an important role in many 
physiological and pathophysiological skeletal processes, including the development of 
osteoporosis as well as reproductive bone loss and recovery. The current gold standard 
method of quantifying bone formation is through dynamic histomorphometry with double 
fluorochrome labeling, where subjects are injected with fluorescent labels such as calcein 
or tetracycline at multiple time points. The fluorochrome labels are incorporated into 
surfaces of new bone formation, and, by evaluating the percentage of the bone where 
labels are incorporated, as well as the distance between labels, the extent and rate of new 
bone formation can be quantified (1).  
 However, this technique is limited by its two-dimensional, destructive nature, in 
addition to its inability to quantify bone resorption. To improve the quantification of bone 
remodeling, a three-dimensional (3D) dynamic histomorphometry method has been 
developed that can simultaneously identify bone formation and resorption sites (2-6). 
This method gives highly precise morphological measurements of bone formation and 
can indirectly measure resorption cavities; however, its destructive nature makes it 




 The increased availability of in vivo micro-computed tomography (µCT) scanners 
allows the possibility of quantifying both bone formation and resorption in a non-
invasive, longitudinal manner. The ability to identify bone remodeling sites using in vivo 
µCT was first demonstrated by Waarsing et al., who used registered in vivo µCT images 
to investigate changes in trabecular microarchitecture and qualitatively identify regions of 
bone remodeling  in the rat tibia (7). More recently, Schulte et al. developed an 
innovative method to longitudinally assess trabecular bone formation and resorption in 
mouse caudal vertebrae based on in vivo µCT images (8). After registering longitudinal 
µCT scans from the same animal at two different time points, the two images are 
superimposed, allowing for measurement of bone remodeling. Resorption is identified as 
the bone areas only present in the earlier images, while bone formation is identified as the 
bone areas only present in the later scans. This technique provides accurate quantification 
of bone remodeling in mouse caudal vertebrae in models of post-menopausal 
osteoporosis (9) and mechanical loading (8,10,11).  
 Despite the utility of this technique in measuring bone remodeling in the caudal 
vertebra, the trabecular regions of the tibia, femur, and lumbar spine are more 
functionally relevant skeletal sites in rodent models of metabolic diseases and drug 
treatments, and are therefore more commonly used to study bone quality. However, the 
unclosed growth plate and continuous skeletal growth in the long bones of adult mice and 
rats significantly affect bone geometry and size over time (7,12-14). Although trabecular 
bone undergoes minimal changes due to longitudinal growth, the dramatic changes that 
occur in the surrounding cortical bone morphology make it difficult to identify and 
precisely align the same trabecular bone regions in sequential µCT scans.  
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 In addition, previous µCT-based methods of quantifying bone formation and 
resorption sites are limited by the reliance of this technique on direct subtraction of in 
vivo µCT images, which requires that images be rotated into the same coordinate system. 
This is generally done through an image registration procedure, where the baseline (b) 
and follow-up (f) images are aligned based on consistent patterns of trabecular 
connectivity, resulting in a transformation matrix (T). In the standard transformation (ST) 




 = Tf), a 
version of image f which has been rotated and translated so that it is directly aligned with 
the baseline image, b. However, direct application of the transformation matrix T to f 
results in unequal interpolation effects between b (which remains fixed and is not rotated 
at all) and f
1
 (which is transformed to the same coordinate system as b). Such 
interpolation effects can introduce biases when directly comparing f
1
 and b (15), and may 
affect the reproducibility of in vivo µCT-based measurements of bone remodeling.  
 This study aimed to overcome these limitations to develop a robust, µCT-based, 
3D in vivo dynamic bone histomorphometry technique that would allow us to 
longitudinally and simultaneously quantify changes in bone formation and resorption in 
rat tibiae with high precision and minimal interpolation bias. We validated this novel 
approach through comparison with standard 2D dynamic bone histomorphometry and a 
serum resorption marker, and confirmed the reproducibility of the technique. The ability 
of this in vivo dynamic bone histomorphometry technique to measure experimentally 
relevant changes in bone remodeling was then confirmed by applying the method to 
longitudinally track the short-term responses of  bone resorption and formation activities 
in response to osteoporosis treatment therapies, including the anabolic agent parathyroid 
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hormone (PTH), the anti-resorptive agent alendronate (ALN), and a combination therapy 
consisting of both PTH and ALN (PTH+ALN).  
B. Methods 
B.1  Animal protocol and in  vivo μCT scans  
B.1.1 Animal protocol for validation and application of the in vivo dynamic bone 
histomorphometry technique 
 All experiments were approved by the University of Pennsylvania Institutional 
Animal Care and Use Committee. A total of 37 three-month-old, female, Sprague 
Dawley rats were used in this study. Eight rats were excluded due to inadequate image 
quality caused by motion artifacts during in vivo µCT scans. The remaining 29 rats 
belonged to 4 treatment groups: PTH (PTH, n=10), alendronate (ALN, n=6), combined 
PTH and ALN (PTH+ALN, n=6) or vehicle (Veh, n=7). As described in (16), rats in the 
PTH and PTH+ALN groups were given daily subcutaneous injections of PTH (PTH (1-
34), 60µg/kg/day dissolved in saline, Bachem, Bubendorf, Switzerland) starting on day 0 
for a total of 12 days; rats in the ALN and PTH+ALN groups were given subcutaneous 
injections of alendronate (alendronate sodium trihydrate, 50 µg/kg, Sigma Aldrich, St. 
Louis, MO) every three days starting three days prior to day 0 (day -3) until day 12; and 
rats in the Veh group were given daily subcutaneous saline injections for 12 days starting 
from day 0. All rats were sacrificed on day 12.  
 The right proximal tibia of each rat was scanned by μCT (vivaCT 40, Scanco 
Medical AG, Brüttisellen, Switzerland) on days 0 and 12 at 10.5 μm resolution. As 
described in (16) and (14), rats were anesthetized (4.0/1.75% isoflurane), and the right 
leg of each rat was inserted into a custom holder to ensure minimal movement during the 
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scan.  A 4 mm region of the tibia distal to the proximal growth plate was scanned at 10.5 
μm resolution, 55 keV energy, 145 µA intensity, 200 ms integration time, and 1000 
projections, using a 0.5mm Al filter and a standard, manufacturer-provided beam-
hardening correction algorithm, resulting in a total scan time of about 20 minutes and 
approximate radiation dose of 0.639 Gy per scan. A subset of rats (n=18: PTH: 6, 
PTH+ALN: 5; ALN: 4, Veh: 3) was also scanned eight days prior to treatment (day -8) to 
allow for pretreatment measures.  
B.1.2 Animal protocol for evaluation of precision and reproducibility of the in vivo 
dynamic bone histomorphometry technique  
 Four-month-old, female, Sprague Dawley rats (n=18) were used in this portion of 
the study. For each rat, a 2.2 mm region of the left proximal tibia was scanned using µCT 
(vivaCT 40, Scanco Medical). Rats were scanned twice at baseline (day 0), then again 
after one week (day 7) using the same protocol as described in Section B.1.1. For the 
repeated, same-day scans, rats were removed from the scanner after the first scan, and 
repositioned prior to the start of the second scan. Three rats were excluded due to motion 
artifacts in the µCT scans, resulting in a final sample size of n=15 for this portion of the 
study. 
B.2 Registration between baseline and follow-up scans 
 To precisely align the trabeculae in each scan, a three-step image registration 
procedure was performed, using linear, mutual-information-based registration software 
(ITK, NLM) (14,17). First, baseline (b) and follow-up (f) scans were registered to derive 
a transformation matrix T1 by aligning the cortical bone in each image. After this step, 




 = T1f) were oriented approximately the same way, but, due to 
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linear growth, the trabecular compartments were offset from each other (Figure 2-1 A). 
To eliminate this offset, a landmark-initialized registration of the trabecular compartment 
(excluding the cortical bone) was performed to more precisely align the trabecular 
structures (Figure 2-1B) and to derive a second transformation matrix T2. Finally, a 
146x146x96 voxel trabecular volume of interest (VOI) in the secondary spongiosa 
starting 2.5 mm distal to the proximal growth plate and spanning to 3.5 mm distal to the 







), and was registered to align individual trabecular structures within the VOI. 
Therefore, a third transformation matrix T3 was derived. At each step, a visual inspection 
of the registration result was performed to prevent misalignment caused by local optima 
of the registration algorithm. Transformation matrices of the three, sequential registration 
steps were then combined to derive the overall transformation matrix T (T = T3T2T1.).  
 
Figure 2-1. Images were aligned through a multi-step registration procedure: (A) Initial 
registration based on the cortex resulted in similar orientation of the two scans, but the 
same trabecular pattern (shaded yellow) was offset between the two images. (B) After a 
trabeculae-specific registration, the trabeculae were precisely aligned between the two 
scans, allowing the identification of bone present only in the baseline image (red), bone 
present in the follow-up image (green) and overlapped bone present in both images 
(yellow). This allowed the effects of trabecular remodeling within the representative VOI 
(outlined in black) to be delineated from those of linear growth.   
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B.3 Transformation of registered image volumes 
 In the traditional image registration scheme, a transformation is applied to the 
follow-up image to match with the baseline image. Specifically, the Standard 





 = Tf) so that it is aligned with the baseline image b, which is kept fixed. However, 
transformation of an image inherently causes a certain amount of resampling error, 
resulting in a difference in image quality between the fixed image and the moving image. 
In order to eliminate such a difference, we developed a new image registration scheme, 
termed matched-angle transformation (MAT, Figure 2-2B), where the rotation angle 
described by the transformation matrix T was divided equally and applied to both b and f. 
Thus, half of the rotation, Tα, was applied to the follow-up image to yield f* (f* = Tαf). 
Similarly, the inverse of half of the rotation, Tβ (Tβ = Tα
-1
) was applied to the baseline 
image, to yield b* (b* = Tβb). Therefore, both the b and f were rotated by the same 
amount to yield the registered images b* and f*, causing similar interpolation effects to 
be introduced into both images. Both MAT and ST utilized the same B-splines 
interpolator, thus it was not expected that application of MAT would reduce the amount 
of interpolation within a single image. However, as shown by comparing Fig 2-2C and D, 
application of the two transformation techniques resulted in the introduction of 
interpolation artifacts only in the follow-up image when using ST, while equal 




Figure 2-2. A schematic illustrating the effect of aligning images using (A) ST vs. (B) 





Tf) and b are aligned. In the MAT scheme, f and b are both transformed using 
transformations Tα and Tβ (where Tβ = Tα
-1
), respectively, such that f* and b* are aligned 
(where f* = Tαf and b* = Tβb). A close-up of a single trabecula demonstrates the effects 
of (C) ST and (D) MAT on identification of voxels of bone formation and resorption. 
 
B.4 3D in vivo dynamic bone histomorphometry measurements 
 Registered and transformed images were Gaussian filtered (sigma=1.2, 
support=2) and a global threshold (545 mgHA/cm
3
, as determined based on previous data 
(16)) was applied to delineate bone voxels from the bone marrow and background. The 
resulting binarized images were then analyzed using a custom MATLAB script. Resorbed 
bone was defined as all bone voxels that were present at the first time point but absent at 
the second, while formed bone was defined as bone voxels that were present at the 
second time point, but absent at the first. This resulted in a map indicating the spatial 
39 
 
locations of bone formation and resorption sites (Figure 2-3). To prevent the incorrect 
labeling of small regions of bone formation/resorption due to slight registration errors or 
differences in segmentation caused by the partial volume effect, the surface layer of all 
bone formation and resorption areas was excluded from analysis. This minimized error 
and resulted in a more conservative measure of bone formation and resorption. Finally, 
the resulting images of bone formation and resorption were subjected to a cluster 
analysis, whereby all clusters of bone formation/resorption that were smaller in size than 
10 voxels (equal to 11,576 µm
3
) were excluded from future analyses. This was 
performed, because we anticipated that clusters below this size would be unlikely to 
correspond to actual bone remodeling (5) and would be more likely to correspond to 
noise.  
 
Figure 2-3. In vivo dynamic bone histomorphometry technique: Images were aligned and 
subtracted to identify regions of bone formation (green, defined as bone voxels that were 
present in the follow-up image, but absent in the baseline scan), bone resorption (red, 
defined as bone voxels that were present in the baseline scan but absent in the follow-up 




 The resulting map of bone formation and resorption was then used to obtain 3D 
measurements of the volume, thickness, and surface area of bone remodeling sites. 
Specifically, measurements of bone formation were made analogously to standard 
dynamic bone histomorphometry and were calculated as follows: 
   (a) 
      (b) 
       (c) 
Bone resorption was quantified similarly:  
       (d) 
      (e) 
     (f) 
Where surface area was quantified by extracting triangulated surfaces from the map of 
bone formation and resorption sites using a custom MATLAB script, and thickness was 
calculated through a distance transformation algorithm. 
 The effects of treatment with PTH, ALN, PTH+ALN, or Veh were determined by 
evaluating in vivo dynamic bone histomorphometry measurements based on scans made 
on treatment days 0 and 12 in rats described in Section B.1.1. In addition, pre-treatment 
measurements of bone remodeling were made in the same rats by aligning the μCT scans 
made on day -8 with those made on day 0. To assess noise levels and evaluate the impact 
of the interpolation artifacts induced by the two image transformation schemes, in vivo 
dynamic bone histomorphometry was performed based on repeated scans made within 
the same day, at baseline, in rats described in Section B.1.2.  Finally, reproducibility was 
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determined by individually registering each of the repeated, same-day scans of rats 
described in Section B.1.2 to the scan made 1 week later.  
B.5 2D dynamic bone histomorphometry and serum biochemistry analysis 
 Accuracy of the in vivo dynamic histomorphometry measurements was 
determined by comparing µCT-based measurements in rats treated with PTH, ALN, 
PTH+ALN, and Veh to traditional dynamic histomorphometry (BFR/BS, MAR, MS/BS) 
and a serum resorption marker (TRAP). Two days and nine days prior to sacrifice (days 3 
and 10), a subset of rats (n=16) received subcutaneous injections of calcein (15 mg/kg, 
Sigma Aldrich, St. Louis, MO) to allow for histological measures of bone formation. The 
right tibiae were harvested immediately after euthanasia on treatment day 12. Tibiae were 
embedded in methylmethacrylate (MMA), and a Polycut-S motorized microtome 
(Reichert, Heidelberg, Germany) was used to cut 8 μm-thick sections. Dynamic 
histomorphometry measurements of bone formation rate (BFR/BS), mineral apposition 
rate (MAR), and mineralizing surface (MS/BS) were made in the secondary spongiosa 
(2.0-5.0 mm below the growth plate) based on the calcein labels. The 3D in vivo dynamic 
histomorphometry measurements were then correlated with the standard 2D 
measurements for validation. All measurements were made using Bioquant Osteo 
Software (Bioquant Image Analysis, Nashville, TN). A qualitative comparison was also 
made between bone formation identified in each 2D histology section and the 
corresponding μCT cross-section. 2D histology slides and 3D μCT images were aligned 
through an image registration procedure where the MMA-embedded bone (from which 
the histology cross-section had been cut) was scanned and registered to the in vivo μCT 
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scan, allowing for identification of the precise cut-plane from which the 2D histology 
images had been generated. 
 At sacrifice, blood was collected via cardiac puncture for a subset of rats (n=3 in 
each group). The serum was removed and serum levels of the resorption marker TRAcP 
5b (TRAP) were measured (RatTRAP
TM
 Assay, Immunodiagnostic Systems, Scottsdale, 
AZ).  
B.6 Statistical Analysis 
 To evaluate accuracy of the in vivo dynamic bone histomorphometry method, 
bone remodeling parameters measured based on 3D in vivo dynamic bone 
histomorphometry were correlated to bone formation measures made based on 
traditional, calcein-labeled histology, and to serum TRAP, using linear regression. In 
addition, bone remodeling parameters based on 3D in vivo dynamic bone 
histomorphometry measured after 12 days of treatment with vehicle, PTH, ALN, or 
PTH+ALH were compared among the 4 treatment groups using analysis of variance 
(ANOVA). Furthermore, for a subset of specimens, longitudinal comparisons were made 
to assess changes in bone remodeling parameters before and after treatment using a two-
way, repeated-measures ANOVA, covaried by the baseline measures. Bonferroni 
corrections were applied to all post-hoc tests.  
 Reproducibility was evaluated by computing the root mean square average of the 
standard deviation and coefficient of variance (RMSSD, RMS%CV) and intra-class 
correlation coefficients (ICC), as described in (14) and (18) for repeated measurements of 
bone remodeling.  Briefly, the individual coefficient of variance (%CV) was evaluated, 
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and the root mean square average of the %CV (RMS%CV) was derived for each parameter 
as follows:  
For each pair of measurements i,  i=1, 2, …, N (N=15) 
  
  
 Paired Student’s t-tests were performed to compare the %CV of repeated scans 
based on ST and MAT.  
 As described in (19) and (18), ICC is computed as a ratio of the variability due 
only to differences among samples, over the total variability (including variability caused 
by differences in the measurement technique used during repeated measurements in 
addition to that caused by inherent differences among samples). Thus an ICC close to 1 
indicates good test-retest repeatability. ICCs were calculated based on the mean squares 
determined through a two-way ANOVA, as follows (18,19):  
 
where:  
 MSbetween = between-samples mean square 
 MSwithin = within-samples mean square (i.e., between-measurements mean square) 
 MSE = error mean square 
 Nmeasures = number of repeated measures = 2 
 Nsamples = number of samples = 15 
 To assess the effects of the image transformation scheme on noise introduced in 
in vivo dynamic bone histomorphometry measurements, a repeated-measures, 2-way 
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ANOVA was performed, with transformation method (ST vs. MAT) as the between-
factor, and the comparison between bone formation and resorption measures as the 
repeated, within-group factor. Noise present in bone formation and resorption measures 
after applying ST and MAT was then compared by examining the interaction effects.  
 All statistical analyses were performed using NCSS 7.1.14 (NCSS, LLC, 
Kaysville, UT). Statistical significance was defined as p<0.05, and error bars represent 
the standard error of the mean (SEM).  
C. Results 
C.1 3D registration and linear growth in rat tibiae  
 The registration process developed in this study resulted in an accurate alignment 
of trabeculae in the secondary spongiosa (Figure 2-3). Although the rats used in this 
experiment were skeletally mature, they continued to experience linear growth due to the 
unclosed growth plate. As shown in Figure 2-1, this resulted in distinct changes in 
cortical bone morphology. To exclude the effects of cortical bone growth, a VOI was 
selected that only included a trabecular subvolume. 
C.2 Validation of 3D in vivo dynamic bone histomorphometry measurements 
 Although it is challenging to locate exactly the same cross-section from the 3D in 
vivo dynamic image and the 2D calcein-labeled histology slide due to their different slice 
thickness (10.5 µm vs. 8 µm), the 2D, calcein-labeled histology slides in general yielded 
a good agreement with the corresponding, registered slices from the 3D in vivo dynamic 
image for all 4 treatment groups (Figure 2-4). Particularly, the endosteal bone formation 
identified through µCT very closely matches the double-labeled endosteal surface on the 
histology slides, and periosteal bone resorption identified through µCT agrees very 
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closely with regions in the histology slide exhibiting a scalloped surface, which is 
indicative of bone resorption. Additionally, µCT-based measures of BFR/BS, MAR, and 
MS/BS correlated strongly with analogous measures based on traditional dynamic 
histomorphometry (r = 0.83, 0.72, and 0.78, respectively; Figure 2-4). Because it is not 
possible to obtain quantitative measures of bone resorption through traditional dynamic 
histomorphometry, measurements of the serum resorption marker TRAP were used to 
assess the ability of in vivo dynamic bone histomorphometry to measure bone resorption. 
There was a strong correlation between µCT-based BRR/BS and serum TRAP (r = 0.94; 
Figure 2-4).  
 
Figure 2-4. Validation of in vivo dynamic histomorphometry technique: Paired 
comparisons were made between regions of bone formation identified through (A) 
traditional calcein-labeled histology and (B) µCT-based in vivo dynamic bone 
histomorphometry. (C) A VOI from the µCT image was selected and (D) BFR/BS, MAR, 
MS/BS, and BRR/BS were calculated based on the µCT images and correlated with 




C.3 Application of in vivo dynamic bone histomorphometry technique: cross-
sectional evaluation of osteoporosis treatment response  
  Rats treated with PTH showed 514% greater BFR/BS and rats treated with 
PTH+ALN showed 602% greater BFR/BS than those treated with Veh (Figure 2-5). 
BFR/BS was not significantly different between PTH- and PTH+ALN-treated rats and 
was also not significantly different between rats treated with ALN and those treated with 
Veh. Additionally, rats treated with PTH+ALN had an 82% lower BRR/BS than those 
treated with Veh and 76% lower BRR/BS than those treated with PTH, while rats treated 
with ALN tended to have a 62% lower BRR/BS than Veh-treated rats (p=0.059). 
Measurements of MAR, MS/BS, MER, and ES/BS provided further insight into these 
differences in bone formation and resorption rates: Rats treated with PTH+ALN showed 
no significant difference in MAR and MS/BS from those treated with PTH, and there was 
no difference between Veh- and ALN-treated rats in MAR and MS/BS. PTH-treated rats 
had a 41% greater MAR and 273% greater MS/BS than Veh-treated rats, and similarly, 
rats treated with PTH+ALN had a 37% greater MAR and 344% greater MS/BS than 
those treated with Veh. In contrast, rats treated with ALN and PTH+ALN had a 22% and 
27% lower MER, respectively, than those treated with Veh, while the MER of PTH-
treated rats was not significantly different from that of Veh-treated rats. PTH+ALN-
treated rats had a 72% lower ES/BS than did rats treated with Veh and had a 56% lower 
ES/BS than those treated with PTH. Veh-treated rats had a greater ES/BS than all other 




Figure 2-5. Application of the in vivo dynamic histomorphometry technique to compare 
treatment responses among 4 different treatment groups. Effects of treatment on (A-C) 
bone formation parameters, including (A) BFR/BS, (B) MAR, and (C) MS/BS, as well as 
(D-F) bone resorption parameters including (D) BRR/BS, (E) MER, and (F) ES/BS, were 
evaluated. *: p<0.05.  
 
C.4 Application of in vivo dynamic bone histomorphometry technique: longitudinal 
evaluation of osteoporosis treatment response 
 In addition to scans before and after treatment, a subset of rats was also scanned 
eight days prior to the start of treatment, allowing for a baseline measure of bone 
remodeling. This allowed for additional, longitudinal assessments of changes in bone 
remodeling in each rat as a result of treatment (Figure 2-6). In rats treated with PTH, 
BFR/BS increased 237% and MS/BS increased 190% over the 12-day treatment period. 
Similarly, PTH+ALN-treated rats underwent a 331% increase in BFR/BS and a 277% 
increase in MS/BS. On the other hand, rats treated with Veh and ALN showed no 
significant change in BFR/BS or MS/BS over the treatment period. Meanwhile, rats 
treated with ALN and PTH+ALN showed a 66% and 81% decrease in BRR/BS, 
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respectively, and rats treated with PTH+ALN had a 68% decrease in ES/BS, while Veh- 
and PTH-treated rats underwent no significant change in BRR/BS or ES/BS over time. 
MER decreased over the course of the experiment for all treatment groups, and MAR 
decreased 35% in rats treated with Veh and ALN, and tended to undergo an 8% decrease 
in rats treated with PTH+ALN (p=0.067). 
 
Figure 2-6. Application of the in vivo dynamic histomorphometry technique to evaluate 
longitudinal changes in (A) BFR/BS, (B) MAR, (C) MS/BS, (D) BRR/BS, (E) MER, and 
(F) ES/BS. * indicates significant change over time (p<0.05), # indicates trend towards 
change over time (p<0.1).  
 
C.5 Noise and reproducibility of in vivo dynamic bone histomorphometry 
measurements 
 In vivo dynamic bone histomorphometry measurements made based on repeated, 
same-day scans resulted in an average bone formation/resorption volume, thickness, and 








, respectively (Figure 2-
7). These results indicate that, over a 12-day measurement period, noise constituted 10-
27% and 8-20% of measures of bone formation/resorption volume and surface area, 
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respectively, in a situation of low bone remodeling (as in ALN-treated rats), and 2-9% 
and 3-13% of measures bone formation/resorption volume and surface area in a situation 
of high bone remodeling (as in PTH-treated rats). Percentage of the formation/resorption 
thickness due to noise is not given, as this parameter corresponds to the average thickness 
of bone formation/resorption sites, and thus the percentage due to noise is not a relevant 
measure. 
 As demonstrated in Figure 2-7, the standard transformation scheme, ST, resulted 
in a significant overestimation of bone resorption over bone formation activities in the 
repeated, same-day scans. Bone resorption volume was 68% greater than the bone 
formation volume, and ES/BS was 57% greater than the MS/BS in the ST group 
(p<0.05), indicating a significant interpolation bias. Conversely, there were no significant 
differences between measures of bone formation and resorption made in the repeated, 
same-day scans when processed using MAT. In addition to differences between bone 
resorption and formation measurements within each transformation method, ST-based 
measures of bone resorption volume and ES/BS were also 35% and 33% greater, 
respectively, than equivalent MAT-based measures (Figure 2-7, p<0.05), indicating that 
MAT resulted in reduced noise levels. 
 
Figure 2-7. Effect of image interpolation scheme on noise in the in vivo dynamic bone 
histomorphometry measurements (as measured based on repeated, day 0 scans) of (A) 
bone formation/resorption volume, (B) average thickness of apposition/erosion sites, and 
(C) formation/resorption surface area. *: p<0.05.  
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/day, respectively, an average MAR and MER of 2.22 and 2.05 µm/day, 





measured (Table 2-1). Reproducibility analysis indicated that repeated measures of bone 
remodeling over a one-week period were consistent when using both MAT and ST (Table 
2-1), with precision error (as measured through RMS%CV) ranging from 2.1-23.5%, and 
ICCs ranging from 0.75-0.95. Precision errors for MAR and MER were the lowest 
(~3%), while measurements of remodeling surface and volume resulted in precision 




Table 2-1: Reproducibility of in vivo dynamic bone histomorphometry measurements (*: %CV significantly different between ST and 
MAT, p<0.05): 




RMSSD RMS%CV ICC 
Mean ± 
SD 









0.0064 17.43% 0.875 
0.027 ± 
0.014 









0.0052 17.49% 0.819 
0.022 ± 
0.011 





0.0454 2.12% 0.948 
2.22 ± 
0.24 





0.0755 3.60% 0.751 
2.05 ± 
0.15 









0.0056 16.01% 0.890 
0.026 ± 
0.012 









0.0046 16.32% 0.819 
0.021 ± 
0.009 





 The in vivo dynamic bone histomorphometry technique developed in this study 
allowed for a quantitative, longitudinal assessment of trabecular bone remodeling in rat 
long bones. The accuracy of this novel method was supported by the strong correlations 
between µCT-based and traditional measures of bone remodeling, and the qualitative 
agreement between µCT- and histology-based localization of bone formation sites 
(Figure 2-4). Application of this technique resulted in a non-invasive, 3D evaluation of 
the bone formation and resorption events taking place as a result of treatment with PTH, 
ALN, or combined PTH+ALN. Additionally, the longitudinal nature of this method 
enables pre-treatment measurements, allowing each rat to serve as its own control.  
 Similar to studies of trabecular remodeling in caudal vertebrae (8-11), the in vivo 
dynamic histomorphometry method described here results in longitudinal measures of 
both bone formation and resorption, allowing the bone modeling and remodeling 
mechanisms behind changes in trabecular structure to be investigated. Correlation 
coefficients between histology- and µCT-derived MAR and MS/BS were highly 
consistent between this study and that of Schulte et al. (8), indicating a similar accuracy 
relative to traditional dynamic histology. However, in contrast to previous studies of 
caudal vertebrae (8-11), the registration process utilized in this study was further 
complicated by the presence of linear growth in the tibia. Linear growth due to the 
unclosed growth plate makes it challenging to precisely align the trabecular compartment 
of rodent long bones, as the cortical and trabecular compartments do not grow in the 
same way (12). To our knowledge, there have been no previous µCT-based 
measurements of bone remodeling made in the trabecular compartment of long bones. 
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Through our novel, three-step registration procedure, we were able to delineate bone 
changes due to trabecular remodeling from those due to linear growth (Figure 2-1). This 
resulted in a highly accurate, precise alignment of the trabecular structures, and made it 
possible to identify resorption and formation on the trabecular bone surfaces. 
 Qualitative comparison between the results of our µCT-based method and 
calcein-labeled histology indicates good spatial agreement between regions labeled as 
bone formation in the histology slides and in the µCT images, particularly on the 
endosteal surfaces of the bone (Figure 2-4). However, a direct comparison of individual 
trabeculae indicates that disparities in the trabecular bone formation identified through 
the two different methods do exist. This is caused in part by the difficulty in identifying 
the precise slice in the 3D µCT image stack that corresponds to the 2D histology cross-
section, due to their different slice thicknesses (10.5 µm vs. 8 µm). However, good 
overall agreement between µCT- and histology-based identification of bone formation 
sites and good correlation between these two measures demonstrate that the in vivo 
dynamic bone histomorphometry technique provides a reliable overall assessment of 
bone formation within the subvolume.  
 Despite the high correlation between µCT- and histology-based measures of bone 
formation, µCT-based BFR/BS and MS/BS were consistently higher, and MAR was 
consistently lower, than corresponding histology-based measures. This was likely due to 
inherent differences in the way these measures were calculated. When calculated through 
our µCT-based method, each measure of bone formation is defined directly based on the 
3D µCT volumes that are analyzed. In contrast, the traditional, histology-based method 
estimates all measurements based on a 2D cross-section of calcein labels that are injected 
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at two discrete time points (1). Histology-based MAR is based solely on the double-
labeled surfaces, meaning that any bone formation occurring after the first calcein 
injection is not included in this measure of MAR. This could cause an over-estimate 
relative to µCT-based MAR, which measures the thickness of all bone formation sites, 
thus including newly formed, and therefore thinner, areas of bone formation. Similarly, 
histology-based MS/BS gives a higher weight to double-labeled regions, whereas µCT-
based MS/BS calculates the surface area of bone formation based on all regions of new 
bone. Thus µCT-based MS/BS is expected to be greater than that based on histology. 
Considering these discrepancies, it may be expected that µCT- and histology-based 
measures of bone formation have varying absolute values. However, the correlation 
between the measures indicates that the µCT-based method provides reliable 
quantification of bone remodeling.  
 In vivo dynamic bone histomorphometry measurements were significantly 
affected by the transformation scheme used. Due to noise introduced during scanning and 
image processing, both transformation schemes (ST and MAT) resulted in non-zero 
measurements of bone remodeling determined based on the same-day, repeated scans. Of 
greater concern, images transformed using ST had up to a 68% difference between 
measures of bone "formation" and "resorption" based on the repeated, same-day scans, 
whereas no difference was found between measures bone "formation" and "resorption" 
based on repeated scans when using MAT. This difference between bone resorption and 
formation parameters when using ST is most likely due to the consistent rotation of the 
follow-up image, while the baseline image remained static. Rotation of the follow-up 
image causes voxels on the edges of trabeculae to take on an intensity intermediate 
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between bone and background. As a result of their reduced intensity, a fraction of these 
voxels were likely identified as background when the image was thresholded. Because 
they were labeled as bone in the initial (non-transformed) scan, these voxels were then 
identified as bone resorption, resulting in an overestimation of bone resorption over bone 
formation when using ST.  On the other hand, MAT results in approximately equal levels 
of interpolation of both images, effectively eliminating the interpolation bias associated 
with the standard transformation scheme.  
 The presence of non-zero levels of noise in measures of both bone formation and 
resorption needs to be considered when interpreting in vivo dynamic bone 
histomorphometry measurements. Comparisons of repeated, same-day scans with scans 
made one week apart indicate that basal levels of bone formation/resorption volumes in 
healthy, 4-month-old rats are only two-fold greater than the noise levels that occur when 
scanning rats twice within the same day, highlighting a limitation of the in vivo dynamic 
bone histomorphometry method. Namely, the sensitivity of the bone remodeling 
measurements is limited by the resolution of the in vivo µCT scans. Because the µCT 
scanner has a maximum resolution of 10.5 µm, variations in bone remodeling thickness 
below this length scale cannot be detected. However, the scans made one week apart in 
this study demonstrate the lowest possible rates of bone remodeling, and when using the 
in vivo dynamic bone histomorphometry method to identify the effects of interventions 
such as ovariectomy surgery, pharmacological treatment, and mechanical stimulation on 
bone remodeling, changes in bone formation and resorption rates are well above the noise 
levels measured here. For example, the rats in this study that underwent high levels of 
bone remodeling as a result of PTH treatment showed bone formation rates more than 
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1200% greater than noise levels. Even in rats with lower rates of bone remodeling, noise 
levels remain significantly lower than treatment-induced differences in remodeling.  
Combined with previous studies by other groups (8-11,20), this indicates that the in vivo 
dynamic bone histomorphometry technique has adequate precision to detect 
physiologically relevant changes in bone remodeling.  
 In vivo dynamic bone histomorphometry measurements were found to have fairly 
good reproducibility, with precision errors ranging from 2-23% and ICCs ranging from 
0.75-0.95 (Table 2-1). MAR and MER were found to have higher reproducibility (as 
indicated by lower precision errors and higher ICCs) than all other in vivo dynamic bone 
histomorphometry measurements. This is likely due to the nature of these measurements. 
Specifically, MAR and MER are measures of the average thickness of regions of bone 
formation/resorption. Because the young, healthy rats in this study underwent low rates 
of bone remodeling during the one-week inter-scan period, the average thickness of 
regions of bone formation and resorption was generally quite low, and on the order of a 
single voxel. Because of the finite resolution of the µCT scanner, this resulted in minimal 
variation of the average thickness of bone formation/resorption regions, resulting in a 
lower sensitivity but higher reproducibility of these measurements.  
 Precision errors found in this study were higher than those reported by Schulte et 
al., who found precision errors of 0.9-6.5% for µCT-based bone remodeling 
measurements (8). Additionally, Schulte et al. found higher ICCs than those found in this 
study (8). This discrepancy is likely due to differences in the way reproducibility was 
measured in the two studies. All µCT scans in this study were performed in vivo, while 
Schulte et al. (8) performed the repeated µCT scans after sacrifice, eliminating any 
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animal motion, which is an important cause of error in µCT imaging studies. In addition, 
the repeated measurements of bone remodeling in our study were made over a fairly 
short, one-week time interval, in a healthy animal model that was undergoing minimal 
bone remodeling, leading to low quantities of bone formation and resorption. Precision 
errors (measured as RMS%CV) are directly related to the amount of scanner and user error, 
and inversely related to the magnitude of the parameter being measured. The amount of 
scanner and user error should be fairly constant; thus we anticipate that an animal model 
or experimental condition with greater volumes, surface areas, and thicknesses of bone 
formation and resorption (e.g., a longer time interval, or an experimental condition that 
accelerates bone remodeling activities above basal levels, as shown in Schulte et al.), 
would have resulted in significantly lower precision error. Thus the RMS%CV reported 
here represents the maximum precision error that can be expected for the in vivo dynamic 
bone histomorphometry technique. 
 The applicability of this technique to experimentally relevant scenarios was 
demonstrated by our ability to detect differences in parameters of bone formation and 
resorption in response to different osteoporosis treatments.  In vivo dynamic bone 
histomorphometry measurements showed greater bone formation measures (BFR/BS, 
MAR, MS/BS) in all groups treated with PTH, together with lower bone resorption 
(BRR/BS, MER, ES/BS) in ALN-treated groups. These µCT-derived measures were in 
agreement with measures of bone formation based on calcein-labeled histomorphometry.  
 Taken together, high rates of formation (as measured by BFR/BS, MAR, and 
MS/BS) and concurrent low bone resorption (as measured by BRR/BS, MER, and 
ES/BS) in PTH+ALN-treated rats, indicate that the combination therapy has an additive 
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effect on bone remodeling, as the combination treatment group was the only group to 
show both elevated bone formation and low resorption. Additionally, the persistently 
elevated bone formation even in the presence of low bone resorption in rats treated with 
PTH+ALN suggests that PTH may act through a resorption-independent mechanism. 
This supports previous studies which have suggested that PTH induces modeling-based 
formation, bone formation without prior resorption (21-25), and provides insight into the 
mechanism behind the additive effect of combination therapy found in our previous study 
(16). Earlier studies assessing the effect of PTH and anti-catabolic co-treatment on bone 
remodeling using traditional histology and serum formation and resorption markers have 
drawn various conclusions (23-34). Multiple clinical and pre-clinical studies found that 
groups treated with PTH and ALN had lower levels of serum markers of both resorption 
and formation than those treated with PTH alone (25,26,28,29,31,33). In contrast to this, 
when investigating the co-treatment of PTH and anti-resorptive agents ALN and 
osteoprotegerin (OPG) in ovariectomized mice, Samadfam et al.(32) found that 
osteoblast number and activity were similar in mice treated with PTH and combination 
therapy of PTH+ALN, while osteoclast activity was reduced in PTH+ALN-treated mice 
as compared to those treated with PTH alone. Meanwhile, Ma et al. (30) found similar 
elevations in bone formation (BFR, MAR, activation frequency) in PTH-treated rats that 
had been pre-treated with ALN, Raloxifene, or estrogen compared to PTH-treated rats 
that had not received pre-treatment. Finally, using a unique fluorescent labeling regimen, 
Lindsay et al. (24) quantified remodeling- and modeling-based formation in patients 
following a one-month treatment with PTH. Results from this study indicated a greater 
amount of modeling-based bone formation in patients treated with PTH compared to 
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controls, suggesting that PTH-induced bone formation may be partially uncoupled from 
prior resorption (24). The wide variety of conclusions drawn by these studies may be due 
in part to variations in the duration of therapy, as the anabolic effects of PTH treatment 
are known to decrease with extended treatment times (35). The design of the current 
study only consists of a 12-day treatment period for rats; thus it reflects early bone 
dynamic responses to PTH, ALN, and combination therapies. 
The longitudinal design of this study allowed bone remodeling to be compared before 
and after treatment within the same rat (Figure 2-3), providing direct assessment of the 
bone remodeling response to each treatment. Similar to the cross-sectional comparisons, 
longitudinal analyses again confirm the additive effect of combination therapy over 
monotherapy and again show an increase in bone formation with a concurrent decrease in 
bone resorption in PTH+ALN-treated rats. Although results follow consistent trends, 
longitudinal comparison of MAR and MER shows that both decrease over the course of 
the experiment in vehicle-treated rats. While this effect may be due to the natural slowing 
of bone turnover with growth, it may also be due to a limitation in the design of this 
study. Namely, bone remodeling was assessed over an 8-day period prior to treatment, 
while it was assessed over a 12-day period during treatment. Because of the finite 
resolution of the µCT image, it is possible that the difference in the thickness of bone 
remodeling sites after 8 vs. 12 days is not measurable (i.e., thickness of bone formation or 
resorption occurring over a 4-day period was lower than the 10.5 µm resolution of the 
image). Therefore, when this thickness value was divided by the number of days to obtain 
a measure of MAR and MER, it appeared as though the rate of mineral apposition or 
erosion decreased in the vehicle group. It is therefore recommended that the time between 
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scans be kept consistent when using in vivo dynamic bone histomorphometry to obtain 
longitudinal measures of bone remodeling in future studies. However, all groups in this 
study were scanned following the same schedule; therefore, comparisons among 
treatment groups remain valid.  
Another limitation of this study is the radiation exposure induced by longitudinal, in vivo 
µCT scans.  However, the radiation dose was relatively low (about 0.639 Gy/scan), and 
was localized to the tibial metaphysis. Furthermore, it has been shown that weekly µCT 
scans have no adverse effect on the proximal tibiae of rats (16,36), and PTH treatment 
has been demonstrated to exert a protective effect on bone (37), allowing for frequent 
scanning.  
 A unique strength of the current study is the application of a robust registration 
procedure that can delineate bone changes due to bone modeling (linear growth) and 
bone remodeling (local bone resorption and formation). For the purpose of this study, we 
only focused on the local changes on a fixed trabecular subvolume. However, newly 
generated bone tissue from the growth plate and the distance by which the existing bone 
tissue “flows away” from the growth plate can be interesting and important parameters 
for studies of bone modeling (38,39). Due to the fact that rodents have continuous 
longitudinal growth throughout their life, it should be noted that the rate at which the 
trabecular bone flows away from the growth plate limits the timespan over which a given 
trabecular volume of interest (VOI) can be followed. For example, 1-month-old rats have 
a proximal tibial growth rate as fast as 0.31 mm/day (12), making it difficult to trace a 
trabecular bone sub-volume for longer than a week. In contrast, the 3-month-old rats used 
in the current study have a much slower growth rate (1.99 mm proximal tibial growth 
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over 10 weeks, equaling to 0.03 mm/day), which slows even further after age 4 months 
(12), thus allowing for a long-term longitudinal follow-up study. 
Overall, this study developed and validated a novel, in vivo dynamic bone 
histomorphometry technique that allows longitudinal, 3D measurement of trabecular 
remodeling in long bones.  Application of this technique provides tremendous potential 
for dissecting changes in bone remodeling induced during different physiological and 
pathophysiological states. The utility of this technique was demonstrated by tracking the 
effects of PTH, ALN, and combined PTH+ALN treatment on bone formation and 
resorption in rat tibiae, which demonstrated that rats treated with PTH+ALN exhibit both 
an increased bone formation and a decreased bone resorption rate, relative to vehicle-
treated controls, suggesting that intermittent PTH may act partially through a modeling-
based mechanism. 
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CHAPTER 3: ADAPTATIONS IN THE MICROARCHITECTURE AND LOAD 
DISTRIBUTION OF MATERNAL CORTICAL AND TRABECULAR BONE IN 
RESPONSE TO MULTIPLE REPRODUCTIVE CYCLES IN RATS 
 
A. Introduction 
 The fetal/infant bone growth that takes place during pregnancy and lactation 
causes significant changes in maternal calcium metabolism. This increased calcium 
demand is partially met by modified intestinal absorption and renal excretion (1,2). 
However, the maternal skeleton also forms an important source of calcium and therefore 
undergoes substantial bone loss during reproduction. Clinical studies have indicated 
small but significant reductions in bone mass during pregnancy, although the extent of 
pregnancy-related bone loss in women appears to be variable and may be dependent on 
dietary calcium intake (2,3). On the other hand, lactation induces dramatic bone loss, as 
the skeleton forms the main source of calcium during this reproductive phase (1,2). Over 
a 6-month lactation period, women have been found to lose up to 5-7% of their bone 
mass (4,5), while rodents lose as much as 30% of bone mass during 3 weeks of lactation 
(6-8).  
 This reproductive bone loss undergoes a period of recovery following weaning. 
Rodent studies have indicated osteoclast apoptosis within 24-48 hours after weaning 
(9,10), which is accompanied by an increase in osteoblastic bone formation, as measured 
through dynamic histomorphometry (11-13). Taken together, these post-weaning changes 
lead to a rapid accrual of bone. Four weeks post-weaning, studies have shown a complete 
recovery of bone mass at the lumbar vertebra and a partial recovery at the tibia and femur 
in mice (6), thus indicating that the extent of reproductive bone loss and recovery may 
differ depending on the skeletal site (6,14). 
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 Clinically, a large number of studies have been performed that demonstrate no 
adverse effects of reproductive history on postmenopausal risk of fracture (15-21), and as 
a result of this, it is widely concluded that the effects of pregnancy and lactation are 
largely transient and that reproduction has minimal long-term effects on bone strength or 
quality (2). However, to our knowledge there have been few longitudinal studies tracking 
the effects of reproduction on bone microstructure, and therefore the precise effects of 
pregnancy, lactation, and recovery post-weaning on bone structure are not well 
understood. Our study aimed to address this question by longitudinally tracking changes 
in trabecular bone microarchitecture and cortical bone structure at the proximal tibia in 
rats through multiple reproductive cycles using in vivo µCT.  
 We hypothesized that reproduction would result in substantial trabecular bone 
loss, which would be largely recovered following weaning. Thus, our first objective was 
to assess the precise changes in trabecular microarchitecture occurring at the proximal 
tibia throughout one cycle of pregnancy, lactation, and weaning with high spatial and 
temporal resolution. Results of this investigation indicated a dramatic extent of lactation-
associated bone loss, with a much lower rate of post-weaning recovery than expected. 
Because the female skeleton in many cases is able to withstand the metabolic challenges 
associated with not just one, but multiple cycles of pregnancy and lactation with no long-
term adverse consequences (16,22), we next asked the question of how the skeleton, 
which is substantially altered following the first reproductive cycle, would respond to 
subsequent cycles of pregnancy and lactation. A recent clinical study suggested that a 
longer duration of lactation may result in a greater cross-sectional moment of inertia at 
the tibia (23). Thus, we hypothesized that cortical bone adaptations may be able to 
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compensate for trabecular bone loss, allowing the overall mechanical function of the 
bone to be maintained. In the second portion of the study, we investigated the impact of 
three consecutive cycles of pregnancy, lactation, and weaning on maternal trabecular 
bone as well as cortical bone structure and FEA-derived whole bone stiffness at the tibia. 
Overall, results of this study suggest that while rat tibial trabecular bone plays a more 
important role in calcium homeostasis during female reproduction, cortical bone adapts to 
provide greater load-bearing capacity in order to maintain the bone’s overall mechanical 
function. 
B. Methods 
B.1 Animal protocol 
 All animal procedures were reviewed and approved by the University of 
Pennsylvania's Institutional Animal Care and Use Committee. 24 female Sprague Dawley 
rats were purchased (Charles River) and allowed to acclimate for 1 month, until age 4-5 
months. This age was chosen as the starting point of the experiment, as 4-5 month-old 
rats accurately model young adult bone, and undergo sufficiently low rates of 
longitudinal growth to allow precise tracking of trabecular and cortical bone structure 
(24). Rats were randomly assigned to 2 groups (n=12/group): reproductive and virgin. 
Reproductive rats underwent three complete reproductive cycles (first cycle: weeks 0-12 
of the experiment, second cycle: weeks 12-21, third cycle: weeks 21-33). At week 0, rats 
were mated, and underwent a 3-week pregnancy, followed by a 3-week lactation period. 
To ensure consistent suckling intensity, litter sizes were normalized to 8-9 pups/mother 
within 48 hours after birth. After weaning, all rats were allowed to recover for at least 6 
weeks. Rats were then mated again, and underwent two subsequent cycles of pregnancy, 
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lactation, and post-weaning recovery. During the second reproductive cycle, rats were 
allowed a 3-week post-weaning recovery period, as the greatest extent of recovery was 
found to take place during the first three weeks post-weaning. After the third cycle, rats 
underwent a 6-week recovery period. Two rats failed to become pregnant during the first 
reproductive cycle, and one rat died during the in vivo scan made at the end of the third 
lactation period (week 27), resulting in a final sample size of n=10 for all scans up to 
week 27 and n=9 for weeks 30 and 33 for the reproductive group. After completing 3 
reproductive cycles, rats were followed for 3-5 months, and all rats were euthanized at 
age 14-19 months.  
 Throughout the experiment, all rats were fed a high-calcium diet (LabDiet 5001 
Rodent Diet; 0.95% Ca). All experiments were performed in two batches, performed 11 
months apart, with a final sample size of 4-5 reproductive rats and 6 virgin rats per batch. 
Experiments were performed unblinded.  
B.2 In vivo µCT scans 
 Starting at the first mating (week 0), the right proximal tibiae of all rats were 
scanned regularly at 10.5 µm voxel size using an in vivo µCT scanner (Scanco vivaCT40, 
Scanco Medical AG, Brüttisellen, Switzerland), with a radiation dosage of 0.639 Gy per 
scan. During the first reproductive cycle (Cycle 1, weeks 0-12), rats were scanned at the 
following time points: immediately prior to mating (week 0), 2 weeks after mating was 
initiated (week 2; corresponding to day 11-14 of pregnancy, depending on the precise 
date at which rats became pregnant), at parturition (week 3), weekly during lactation and 
the first three weeks of post-weaning recovery (weeks 4-9), and at the end of the post-
weaning recovery period (week 12) . Multiple studies have indicated that rats undergo 
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minimal radiation damage during weekly scans (25,26). During the second and third 
cycles (Cycles 2 and 3, weeks 12-33), rats were scanned every three weeks, 
corresponding to the beginning of pregnancy, beginning of lactation, end of lactation, and 
middle and end of the post-weaning recovery. Virgin rats were scanned following the 
same schedule as the reproductive group. However, because the virgin rats underwent 
minimal changes in bone structure, fewer scans were analyzed during Cycle 1. For each 
in vivo scan, rats were anesthetized (4/2% isoflurane), and the right tibia was fixed using 
a custom holder (27). A 4.0 mm region of the proximal tibia located immediately below 
the growth plate was scanned at 10.5 µm resolution, with 200 ms integration time, 145 
µA current, and 55 kVp energy, resulting in a total scan time of 20 minutes.  
B.3 Image registration 
 Sequential µCT scans obtained during the first reproductive cycle were registered 
to each other using a mutual-information-based, landmark-initialized, open-source 
registration toolkit (National Library of Medicine Insight Segmentation and Registration 
Toolkit) (28). The detailed methods have been published previously (27,29). To track 
changes in trabecular bone microstructure during Cycle 1, a 2-mm-thick, trabecular VOI 
was identified in the week 12 scan (end of recovery after the first reproductive cycle) 
approximately 2.5 mm distal to the growth plate, and was then traced back to all the other 
Cycle 1 scans with the help of the transformation matrices based on the registrations. 
This procedure ensures that the same trabecular volume of interest (VOI) of each rat was 
longitudinally monitored during the first reproductive cycle. All VOIs were visually 
inspected to confirm accurate identification of the same trabecular region at all time 
points during Cycle 1.  
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 As shown in Chapter 2, due to the unclosed growth plate in rodent long bone, the 
secondary spongiosa, where trabecular bone is commonly analyzed, continues to undergo 
longitudinal growth and endochondral ossification even after the animal has reached 
skeletal maturity. From age 3 months to 20 months, the proximal tibia undergoes a total 
of approximately 3.5 mm of bone growth (24), making it impossible to trace the same 
VOI in the secondary spongiosa in rats over 3 reproductive cycles. However, between 
ages 4.5 and 7.5 months (approximate length of the first reproductive cycle), rats only 
underwent ~1 mm of longitudinal growth, demonstrating that it is possible to track the 
same trabecular VOI throughout a single reproductive cycle. Therefore, analysis of 
trabecular microstructure within the first reproductive cycle (Figure 3-1) was performed 
within a registered VOI, to allow precise tracking of changes in trabecular 
microarchitecture, whereas evaluation of trabecular structure over the course of three 
reproductive cycles (Figure 3-4) was performed within an unregistered, 2-mm thick 
trabecular region located a constant 2.5mm distal to the proximal tibial growth plate to 
ensure consistency of evaluations throughout the study.  
B.4 Trabecular microstructural analysis 
 The µCT images within each VOI were Gaussian filtered (sigma=1.2, support=2) 
and thresholded using a global threshold (corresponding to 544 mg HA/cm
3
), as 
determined through an adaptive thresholding algorithm provided by the scanner software. 
Trabecular bone structural parameters, including bone volume fraction (BV/TV), 
trabecular number (Tb.N), thickness (Tb.Th), and spacing (Tb.Sp), structure model index 
(SMI), and connectivity density (Conn.D) were measured for all rats (n=10 in 
reproductive group; n=12 in virgin group). For each rat, the percent change from baseline 
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was computed for all trabecular parameters except SMI, which ranges between -3 to 3. 
Normalized SMI was computed by subtracting the baseline SMI from all follow-up 
measurements for each rat.  
B.5 Trabecular dynamics analysis 
 µCT images taken during Cycle 1 at the beginning of pregnancy, at parturition, at 
weaning, and at 3 and 6 weeks of post-weaning recovery were used to assess the effects 
of reproduction on the rates of bone formation/resorption, as well as the structural 
deterioration and repair of individual trabeculae. Each scan was registered to the scan 
made 3 weeks previously, as described in Section B.3. Following this registration, a 
1.5x1.5x1 mm trabecular subvolume located 1.5 mm distal to the growth plate was 
extracted from the two images, which underwent a final registration to ensure an 
optimized alignment of trabecular features within the subvolume, as described in Chapter 
2. To minimize interpolation bias induced by the image transformation, the follow-up and 
baseline images were both rotated through the same angle using the matched-angle 
transformation (MAT) scheme developed in Chapter 2. The registered images were then 
filtered (Gaussian filter, sigma=1.2, support=2) and thresholded using a global threshold 
corresponding to 544 mg HA/cm
3
.  
 The rates of bone remodeling were measured based on the registered subvolumes. 
As described in Chapter 2, the registered, thresholded subvolumes were subtracted from 
each other, and voxels of bone resorption were defined as voxels that were present in the 
scan made at the first time-point, but absent in scan made at the second time-point, 
whereas bone formation was defined as voxels that were absent in the initial scan, but 
were present at the second time-point. Based on the resulting, three-dimensional (3D) 
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map of bone remodeling (Figure 3-2A), bone formation and resorption rates (BFR/BS 
and BRR/BS), mineral apposition rate (MAR), mineral erosion rate (MER), and 
mineralizing and eroding surfaces (MS/BS and ES/BS) were calculated as described in 
Chapter 2.  
 In addition, the structural deterioration and repair of individual trabeculae 
occurring as a result of pregnancy, lactation, and post-weaning recovery were also 
measured in the precisely registered subvolumes through an individual trabecular 
dynamics (ITD) analysis, as described previously (30). Briefly, the trabecular rods and 
plates were isolated using individual trabecular segmentation (ITS) analysis (31), and the 
two registered subvolumes were compared to identify incidences of rod disconnection 
and plate perforation (measures of structural deterioration) and rod connection and plate 
perforation filling (measures of structural repair) (30). 
 These localized structural and remodeling evaluations necessitate extremely high 
image quality. The first batch of rats showed reduced image quality in the in vivo scan 
made at the end of lactation (week 6), due to the deterioration of the µCT scanner X-ray 
tube at this time point. Scans were thoroughly tested, and image quality was found to be 
sufficient to allow for accurate measures of standard, bulk trabecular bone quality 
(described in Section B.4), however, the signal-to-noise ratio was not high enough to 
allow accurate evaluation of localized changes in trabecular microstructure/remodeling. 
Therefore, the in vivo dynamics analyses were performed only for the second batch of 
rats (5 reproductive and 6 virgins).  
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B.6 Cortical bone analysis 
 Cortical bone structure was analyzed in a 50-slice region of the proximal tibia 
located ~3.5 mm distal to the proximal growth plate over the course of 3 reproductive 
cycles for all rats (n=10 in reproductive group; n=12 in virgin group). During each cycle, 
measurements were made every 3 weeks: at the beginning of pregnancy, at parturition, at 
the end of lactation, and at 3 and 6 weeks post-weaning. Cortical bone was isolated using 
a semi-automated segmentation procedure similar to that described by Burghardt et al. 
(32), followed by application of a Gaussian filter (sigma=1.2, support=2) and global 
threshold corresponding to 709 mg HA/cm
3
. Cortical bone parameters, including cortical 
area (Ct.Area), cortical thickness (Ct.Th), polar moment of inertia (pMOI), tissue mineral 
density (TMD), periosteal perimeter (P.Perim), and endosteal perimeter (E.Perim), were 
measured using the µCT scanner software (Scanco Medical). Cortical porosity was not 
evaluated, due to the inability to accurately measure porosity at the in vivo resolution of 
10.5 µm.  
B.7 Micro-finite element analysis (µFEA) 
 Whole-bone stiffness was computed for a 1-mm thick region of the proximal tibia 
located 2.5 mm distal to the proximal growth plate for all rats (10 reproductive, 12 
virgins) over the course of three reproductive cycles using a linear micro-finite element 
analysis (µFEA). Each µCT image was down-sampled by a factor of 1.5 (to a voxel size 
of 16 µm), the tibia was isolated from the fibula, and bone was segmented through 
application of a Gaussian filter (sigma=1.2, support=2), followed by a global threshold 
corresponding to 544 mg HA/cm
3
. Finite element models were constructed by converting 
each bone voxel to an eight-node brick element. Bone was then modeled as a linear 
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elastic material with Young's modulus of 15 GPa and Poisson's ratio of 0.3 (33). An axial 
displacement of 0.01 mm was simulated, and the resulting reaction force was computed 
using a customized conjugate gradient solver, as described in (34). Whole-bone stiffness 
was calculated by dividing the reaction force by the displacement. Additionally, a load-
share analysis was performed on µCT images taken at baseline and after 3 reproductive 
cycles in order to evaluate changes in the percentage of the load borne by the cortical and 
trabecular compartments. Briefly, the cortical bone at the proximal-most slice of the 
image stack undergoing µFEA, located 2.5 mm distal to the proximal growth plate, was 
isolated using a custom MATLAB script. The reaction forces exerted by the cortical and 
trabecular compartments at this slice after application of a simulated 0.01 mm 
compression of the 1-mm thick image stack were then computed. The cortical load-share 
fraction was defined as the fraction of the total force borne by the cortical compartment. 
B.8 Tibia growth rate 
 During each scan, the total tibia length was estimated based on 2-D radiographs 
provided by the µCT scanner (scout view images). Total longitudinal growth was derived 
by computing changes in tibia length over time. 
B.9 Statistics 
 All results are presented as mean ± standard deviation (SD). Changes in 
trabecular and cortical microstructural parameters as well as whole-bone stiffness over 
the course of each reproductive cycle (Figures 3-4, 3-5, and 3-6) in virgin and 
reproductive rats were evaluated by examining the interaction effects resulting from two-
way, repeated-measures analysis of variance (ANOVA), corrected for baseline measures. 
Bonferroni corrections were applied to all post hoc tests. Comparisons between the two 
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groups (virgin vs. reproductive) at baseline as well as at the end of each reproductive 
cycle were made using Student's T-tests.  Due to differences in the time points assessed 
between reproductive and virgin rats, changes over time for the registered comparisons 
within Cycle 1 (Figure 3-1) were evaluated separately for the reproductive group using 
repeated-measures, one-way ANOVA. 
 Differences in bone formation/resorption and structural deterioration/repair during 
pregnancy, lactation, post-weaning, and in virgin rats were evaluated using one-way 
ANOVA, with Bonferroni post hoc corrections. Finally, comparisons of the cortical 
loadshare fraction in virgin vs. reproductive rats before and after 3 reproductive cycles 
were made using 2-way, repeated-measures ANOVA, covaried by baseline values, with 
Bonferroni post hoc corrections.  
 P-values less than 0.05 were considered significant, while p-values below 0.1 are 
reported as a trend of difference with the specific p-value provided. 
C. Results 
C.1 Changes in trabecular microstructure during the first reproductive cycle 
 At baseline (age 4-5 months) rats weighed 293 ± 23 g and had trabecular BV/TV, 
Tb.Th, Tb.N, Tb.Sp, SMI, and Conn.D of 0.34, 0.081 mm, 5.51 mm
-1
, 0.164 mm, 1.03, 
and 154 mm
-3
, respectively, at the proximal tibia. There were no differences in baseline 
measures of trabecular microarchitecture between the reproductive and virgin groups. 
Virgin rats underwent no changes in any trabecular parameters during the experiment 
(Figure 3-1). On the other hand, in the reproductive rats, all parameters measured 
underwent dramatic changes over the course of Cycle 1 (Figure 3-1). BV/TV, Tb.Th, 
Tb.N, SMI, and Conn.D did not change during the first two weeks of pregnancy, but 
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began to change rapidly during the third week of pregnancy (third trimester). At 
parturition, BV/TV, Tb.Th, Tb.N, and Conn.D were 42%, 12%, 21% and 51% lower than 
at baseline, respectively. SMI was significantly elevated relative to baseline. Trabecular 
microarchitecture continued to decline steadily throughout the lactation period, and at the 
end of lactation, BV/TV, Tb.Th, Tb.N, and Conn.D were 85%, 33%, 59%, and 90% 
below their baseline values, while Tb.Sp had increased to 227% above baseline and SMI 
was 1.86 above baseline. 
 The extent of recovery following weaning was highly variable for the different 
trabecular parameters. BV/TV increased gradually after weaning, and 6 weeks after 
weaning, BV/TV was 131% greater than at the end of lactation. However, at the end of 
the recovery period, the BV/TV remained 67% lower than it was at baseline, and at the 
end of the first reproductive cycle, BV/TV of the reproductive rats was 64% lower than 
that of virgin rats at the same time point. In contrast to BV/TV, Tb.N, Tb.Sp, SMI, and 
Conn.D did not recover after weaning, as at 6 weeks post-weaning, none of these 
parameters were significantly different from the end of lactation. At the end of recovery, 
Tb.Sp remained 190% above baseline and SMI remained elevated over baseline by 1.42, 
while Tb.N and Conn.D remained 56% and 83% below baseline, respectively. Finally, in 
contrast to all other measures, Tb.Th recovered fully during the 6-week post-weaning 
period, as at the end of recovery, Tb.Th was not different from baseline and was not 




Figure 3-1. (A-F) Changes in trabecular bone microarchitecture parameters throughout a 
reproductive cycle within the same trabecular VOI in reproductive rats (black triangles) 
and virgins (red squares). Letters indicate significant differences (p<0.05) among time 
points in the reproductive group (no significant changes over time were found for virgin 
rats). Intermediate time points (weeks 2, 4, 5, 7, 8, and 9) for virgin rats were not 
included in the analysis. (G) Representative 3D renderings illustrating changes in 
trabecular bone over the course of reproduction within a consistent trabecular VOI in a 
single rat.  
 
C.2 Effects of reproduction on trabecular dynamics during the first reproductive 
cycle 
 During pregnancy, BRR/BS was significantly elevated in the reproductive rats 
(406% greater than virgins; Figure 3-2B). BRR/BS further increased to 737% greater 
than virgin rats during the lactation period. Meanwhile, during both pregnancy and 
lactation, BFR/BS remained similar to virgin rats. After weaning, BRR/BS in the 
reproductive rats dropped by 89% to similar levels as virgin rats, and remained low. In 
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contrast, during the first three weeks of the post-weaning recovery, BFR/BS increased to 
1016% greater than virgins (Figure 3-2C). BFR/BS then declined significantly by 67% 
during the second recovery phase, correlating with the plateau in BV/TV that was 
observed after the first three weeks of recovery. Additional in vivo dynamic 
histomorphometry-based parameters of trabecular remodeling are listed in Table 3-1.  
 
Figure 3-2. (A) Representative 3D renderings illustrating bone remodeling (as 
determined by in vivo dynamic bone histomorphometry) over the course of pregnancy, 
lactation, and post-weaning recovery, as well as in virgin rats. Bone resorption (red) was 
highly elevated during pregnancy and lactation, while bone formation (green) was 
elevated post-weaning. Virgin rats showed low rates of bone (re)modeling, as indicated 
by the large amounts of constant bone (gray). (B) Bone resorption rate (BRR/BS) and (C) 
bone formation rate (BFR/BS) were evaluated over the course of 3 weeks of pregnancy, 3 
weeks of lactation, and during two 3-week post-weaning recovery periods in reproductive 
rats (black dots and solid lines). Analogous measurements over a single 3-week period 
are shown for virgin rats in red (dotted line; standard deviation shown in pink shading). *: 








Table 3-1: Additional bone remodeling parameters (mean ± SD) over the course of the 
first reproductive cycle (pregnancy, lactation, and post-weaning recovery periods), as 
well as in virgin controls, based on in vivo µCT-based trabecular bone dynamics analysis. 
a
: different from pregnancy (p<0.05), 
b
: different from lactation (p<0.05), 
c
: different from 
1st recovery period (weeks 6-9; p<0.05), 
d
: different from 2nd recovery period (weeks 9-
12; p<0.05), 
e

























































 ITD-based measurements of structural deterioration and repair followed similar 
trends to in vivo dynamic bone histomorphometry measurements (Figure 3-3). 
Reproductive rats had a 266% and 194% elevated rate of structural deterioration 
(measured as the number of incidences of trabecular plate perforation and rod 
disconnection per mm
3
) during pregnancy and lactation, respectively, as compared to 
virgins. This elevation in structural deterioration rate was largely due to increases in rod 
disconnection, as rod disconnections constituted an average of 83% of instances of 
structural deterioration during the pregnancy and lactation periods. After weaning, the 
rate of structural deterioration decreased by 93%, and remained low throughout the post-
weaning recovery period. Reproductive rats showed low rates of structural repair (defined 
as the number of incidences of plate perforation filling and rod connection per mm
3
) 
during both pregnancy and lactation, similar to virgin rats. Rates of structural repair were 
then elevated over the first half of post-weaning recovery (1475% greater than during 
lactation). A majority of 86% of the instances of structural repair during the first three 
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weeks post-weaning occurred as a result of rod connection, whereas plate perforation 
filling constituted on average 14% of instances of structural repair. The rate of structural 
repair then declined back to baseline levels during the second half of the post-weaning 
period. 
 
Figure 3-3. ITD-based measurements of (A) structural deterioration and (B) structural 
repair over the course of 3 weeks of pregnancy, 3 weeks of lactation, and during two 3-
week post-weaning recovery periods in reproductive rats (black dots and solid lines). 
Analogous measurements over a single 3-week period are shown for virgin rats in red 
(dotted line; standard deviation shown in pink shading). *: significant difference between 
time points for reproductive rats (p<0.05). 
 
C.3 Cumulative changes in trabecular microstructure over three repeated 
reproductive cycles 
 Evaluation of trabecular microstructure over the course of three consecutive 
cycles of pregnancy, lactation, and post-weaning recovery indicates significant variations 
in the extent of trabecular deterioration over the different reproductive cycles (Figure 3-
4). As described in Section C.1, during the pregnancy of the first reproductive cycle, 
BV/TV, SMI, and Conn.D all underwent a dramatic deterioration. On the other hand, 
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reproductive rats underwent no significant changes in any trabecular parameters during 
the pregnancy phase of the second and third cycles. 
 In addition to variations in the extent of pregnancy-induced bone loss, the amount 
of bone loss taking place during lactation also varied depending on the reproductive 
cycle. Reproductive rats underwent 39-73% declines in BV/TV and 17-22% reductions in 
Tb.Th during the lactation phase of all three reproductive cycles. However, while the 
SMI increased by 0.58 and Conn.D decreased by 79% during lactation of the first 
reproductive cycle, neither parameter underwent significant changes during the lactation 
phase of subsequent cycles. Additionally, Tb.N underwent a dramatic, 49% reduction and 
Tb.Sp underwent a substantial 125% increase during the first lactation, but neither 
parameter changed significantly during the lactation phase of the second reproductive 
cycle, and Tb.N decreased by only 19% while Tb.Sp increased by only 22%, during the 
third lactation.  
 Post-weaning recovery was fairly consistent among the different reproductive 
cycles. Parameters that underwent minimal recovery (Tb.N, Tb.Sp, SMI, and Conn.D) 
during the first reproductive cycle also did not show substantial improvement during the 
post-weaning phase of subsequent cycles. BV/TV, which recovered partially after 
weaning during the first reproductive cycle, also showed a partial post-weaning recovery 
after Cycles 2 and 3. Although there was no significant increase between BV/TV at the 
end of the second lactation and BV/TV at the end of the second weaning phase (weeks 18 
and 21), the BV/TV at the end of the second weaning phase (week 21) was no longer 
significantly different from that at the beginning of the second cycle (week 12), 
indicating at least a partial recovery during this cycle. Finally, Tb.Th, which showed a 
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full recovery at the end of the first reproductive cycle, also underwent a complete 
recovery following Cycle 2, and, after Cycle 3, the Tb.Th even recovered to values 10% 
higher than those found prior to the third pregnancy. Over the same time period 
corresponding to the three reproductive cycles, virgin rats showed no significant changes 
in any trabecular parameters. 
 Cumulatively, three reproductive cycles resulted in dramatic alterations of 
trabecular microarchitecture: While there were no significant differences between 
reproductive and virgin rats in any of the parameters at baseline, after three reproductive 
cycles, reproductive rats showed a trabecular microstructure which had 59% lower 
BV/TV, 55% lower Tb.N, 166% greater Tb.Sp, 0.74 greater SMI, and 82% lower 
Conn.D, but 20% greater Tb.Th than that of virgin rats at the same time point. Thus, 
reproduction induced deteriorations in the trabecular microstructure, but increased the 




Figure 3-4. (A-F) Changes in trabecular bone microarchitectural parameters over 3 
cycles of pregnancy (P), lactation (L), and post-weaning recovery (R) in reproductive rats 
(indicated by black triangles) and virgins (represented by red squares). Letters indicate 
significant differences (p<0.05) among time points for each cycle in the reproductive 
group (no significant changes over time were found for virgin rats). Red * indicate 
differences between reproductive and virgin rats at the end of each cycle (p<0.05). (G) 
Representative 3D renderings of the proximal tibia of a virgin and reproductive rat at 3 
months after the end of the last reproductive cycle. 
 
C.4 Effects of reproduction on cortical bone structure 
 Reproduction also resulted in substantial changes in cortical bone structure at the 
proximal tibia, in particular during the first reproductive cycle (Figure 3-5). Specifically, 
the pMOI, Ct.Area, and Ct.Th increased 10%, 9%, and 12%, respectively, in reproductive 
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rats during the first pregnancy. pMOI, Ct.Area, and Ct.Th then decreased 17%, 16%, and 
14%,  during the lactation phase of the first reproductive cycle. Over the 6-week post-
weaning period, pMOI, Ct.Area, and Ct.Th increased 9%, 14% and 17%, respectively, 
and at the end of the first reproductive cycle, reproductive rats showed no remaining 
differences from baseline in pMOI or Ct.Area, and showed a slight, 13% elevated Ct.Th. 
Subsequent reproductive cycles resulted in reduced magnitude changes in cortical bone 
structure, with pMOI undergoing 10% and 7% increases during the second and third 
pregnancies, respectively, with no significant changes during the second and third 
lactation phases. Ct.Area increased 6% during both the second and third pregnancies 
followed by 4-5% decreases during the second and third lactation periods (as compared 
to a 9% increase during the first pregnancy and 16% reduction during the first lactation). 
Similarly, Ct.Th showed modest 5% increases during the second and third pregnancies, 
and underwent slight 4-6% decreases during the second and third lactation periods. Apart 
from an 11% thickening of the cortical bone over weeks 0-12, and a 4% increase in 
pMOI over weeks 21-33, virgin rats showed no significant changes in pMOI, Ct.Area, or 
Ct.Th over the course of the study.  
 In contrast, the TMD of both reproductive and virgin rats increased consistently, 
in particular during the first reproductive cycle, and at the end of Cycle 1, TMD was 7% 
greater than baseline in both virgin and reproductive rats. Both groups of rats underwent 
minimal changes in P.Perim and E.Perim throughout the experiment, with virgins 
undergoing no changes in either parameter, while the reproductive group showed a slight, 
2% increase in P.Perim during the second reproductive cycle, and a 2% decrease in 
E.Perim during the third cycle.  
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 All together, although there were no differences between reproductive and virgin 
rats in pMOI, Ct.Area, Ct.Th, or TMD at baseline, the three repeated reproductive cycles 
resulted in substantial differences between virgin and reproductive rats at the end of the 
experiment. After three cycles, reproductive rats showed a 13% greater pMOI, 9% 
greater Ct.Area, 1% reduced TMD, and a trend towards a 7% greater Ct.Th relative to 
virgins. Reproductive rats showed a consistently 4% elevated P.Perim as compared to 
virgin rats throughout the experiment, and although reproductive rats showed a trend 
towards a 6% greater E.Perim at baseline, there was no longer any difference in E.Perim 
between the two groups of rats after 3 reproductive cycles.  Taken together, these results 
indicate that, after three reproductive cycles, the cortical bone at the proximal tibia had 
slightly lower mineralization, but increased robustness (in the form of elevated pMOI, 




Figure 3-5. Changes in cortical bone structural parameters at the proximal tibia over 3 
cycles of pregnancy (P), lactation (L), and post-weaning recovery (R) in reproductive rats 
(black triangles) and virgins (red squares). Letters indicate significant differences 
(p<0.05) among time points for each cycle in the reproductive group (significant 
differences among time points in the control group are indicated by italic font). Red * 
indicate differences between reproductive and virgin rats at the end of each cycle 
(p<0.05); red # indicate trends towards differences between reproductive and virgin rats 
at the end of each cycle (p<0.1). 
 
C.5 Reproduction-induced changes in tibia mechanical properties 
 µFEA-derived measures of whole-bone stiffness changed most dramatically 
during the first reproductive cycle (Figure 3-6A), where reproductive rats showed a 34% 
decrease in whole-bone stiffness during lactation. This recovered partially after weaning, 
as the whole-bone stiffness increased 39% over the 6-week post-weaning period. During 
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the second and third reproductive cycles, reproductive rats showed 18% and 14% 
decreases in stiffness as a result of lactation, with 11% and 18% increases in stiffness 
over the second and third post-weaning periods In contrast, virgin rats showed no 
changes in whole-bone stiffness throughout the experiment. Reproductive-associated 
changes in stiffness appeared to recover fully over the course of three reproductive 
cycles, as there was no difference in whole-bone stiffness between reproductive and 
virgin rats at the end of the experiment.  
 The cortical load-share fraction, the percentage of the total load carried by the 
cortical bone (Figure 3-6B), was computed both before and after the three repeated 
reproductive cycles. As shown in Figure 3-6C, at baseline, there was no difference in 
cortical load-share fraction between reproductive and virgin rats, indicating that in both 
groups, the cortical bone carried 68% of the total load applied to the tibia. Virgin rats 
showed no substantial change in cortical load-share fraction over the course of the 
experiment. However, in reproductive rats, the cortical load-share fraction was 




Figure 3-6. (A) Changes in whole-bone stiffness  at the proximal tibia over 3 cycles of 
pregnancy (P), lactation (L), and post-weaning recovery (R) in reproductive rats (black 
triangles), and virgins (red squares). Letters indicate significant differences (p<0.05) 
among time points for each cycle in the reproductive group (no significant changes over 
time were found for virgin rats). Red # indicates a trend towards a difference between 
reproductive and virgin rats at the end of the first reproductive cycle (p<0.1). (B) 
Schematic illustrating the separation of cortical (pink) and trabecular (blue) 
compartments in order to determine the percentage of the load carried by the trabecular 
and cortical bone (load-share fraction). (C) Percentage of load carried by the cortical 
bone at baseline and after 3 reproductive cycles in virgin and reproductive rats. *: p<0.05.  
 
C.6 Effects of reproduction on longitudinal tibia growth 
 Comparison of the changes in total tibia length in reproductive and virgin rats 
over the course of the first, second, and third reproductive cycles indicated a significant, 
2-3% increase in tibia length during Cycle 1 in both groups (Figure 3-7). Virgin rats 
showed no significant changes in tibia length over the course of Cycles 2 or 3, indicating 
that these rats underwent minimal longitudinal growth over these time periods. In 
contrast, while reproductive rats also showed no significant changes in tibia length during 
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Cycle 2, this group did show a significant, 1.9% increase in tibia length during Cycle 3, 
indicating an elevated growth rate during this cycle in reproductive rats as compared to 
virgins. Group-wise comparisons at the end of each cycle indicated that, by the end of 
Cycles 2 and 3, reproductive rats had undergone significantly greater increases in tibia 
length than virgins, resulting in a 2.3% and 4.6% greater total tibia length in reproductive 
rats than in virgins at the end of the second and third reproductive cycles, respectively.  
 
Figure 3-7. Changes in total tibia length over 3 reproductive cycles in reproductive rats 
(black triangles) and virgins (red squares). & indicate significant differences in tibia 
length between consecutive reproductive cycles (p<0.05), and red * indicate differences 
between reproductive and virgin rats at the end of each cycle (p<0.05). 
D. Discussion 
 This study forms the first in vivo, longitudinal tracking of the changes taking 
place as a result of pregnancy, lactation, and post-weaning recovery at the proximal tibia 
in rats. Based on previous rodent studies, combined with results from clinical studies 
indicating that reproductive bone loss has no long-term adverse effect on maternal bone 
health (15-21), we hypothesized that reproduction would induce a substantial bone loss, 
which would largely recover following weaning. Therefore, the initial aim of this study 
was to investigate the structural mechanisms behind reproductive bone loss and recovery 
of the trabecular bone at the proximal tibia. Our longitudinal approach allowed for the 
tracking of local changes in the trabecular bone within a constant volume of interest 
(VOI) over the course of a complete cycle of pregnancy, lactation, and post-weaning 
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recovery. Trabeculae underwent thinning as well as dramatic structural deterioration 
during the last week of pregnancy as well as throughout the lactation period. This result is 
consistent with what has been found in previous rodent evaluations of skeletal changes 
during lactation (6-8,35-38).  Additionally, the elevated bone resorption rates during the 
lactation phase measured through µCT-based trabecular dynamics analysis agree with 
results previously reported by Miller and Bowman (10), who demonstrated that a 
dramatically elevated fraction of the tibial trabecular bone surface was covered by 
osteoclasts during lactation (10). Previous studies investigating the effects of pregnancy 
on trabecular bone have been less clear, with some studies finding minimal effects of 
pregnancy on the quantity of trabecular bone (7,37), while others found evidence of 
increased bone resorption over this time period (39). Similarly, clinical studies have 
found controversial results regarding the effects of pregnancy on maternal bone in 
humans (3). Discrepancies regarding the effect of pregnancy may be due in part to 
differences in the stage of pregnancy investigated among the different studies, as our 
findings indicate substantial bone loss taking place only during the last week (equivalent 
to the third trimester) before parturition.  
 Following weaning, we found an initial increase in the rate of bone formation and 
structural recovery, leading to a small increase in BV/TV. This partial recovery of 
trabecular bone volume appeared to occur through a thickening of the remaining 
trabeculae, with minimal recovery in trabecular microarchitecture, as the Tb.Th 
recovered fully following weaning, while minimal changes were seen in Tb.N, Conn.D, 
or SMI. Additionally, as indicated by ITD analysis, the extent of structural repair taking 
place post-weaning was substantially lower than the amount of pregnancy- and lactation-
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induced structural deterioration, further suggesting an incomplete recovery of trabecular 
microarchitecture. Previous studies have found variable results regarding the extent of 
recovery post-weaning. Consistent with our in vivo dynamic bone histomorphometry 
results, the maternal skeleton has been shown to undergo an anabolic phase shortly after 
weaning, with a reduction in bone resorption activities and an elevated rate of bone 
formation (9-12,38). In particular, fluorescent-labeled histomorphometry studies indicate 
a ~600% increase in BFR/BS at the proximal tibia post-weaning (11), similar to the 
~1000% increase in 3D BFR/BS found in our in vivo dynamic bone histomorphometry 
measurements. Additionally, previous studies evaluating bone density and microstructure 
indicate a greater bone volume and improved quality after post-weaning recovery 
compared to at the end of lactation (6,9,11,13,38,40,41). Furthermore, multiple clinical 
studies indicate no adverse effects of reproductive or lactation history on post-
menopausal fracture risk (15-21), indicating that reproductive bone loss constitutes a 
transient process which does not adversely affect bone health in the long-term (2,15-
21).On the other hand, similar to our findings, multiple rodent (6,9,11,13,40,41) and 
clinical (42,43) studies have indicated that even after a post-weaning recovery period, the 
maternal bone continues to show some remaining structural and/or mechanical deficits 
relative to controls. Taken together, these contradictory findings that, despite a period of 
post-weaning recovery, reproduction induces permanent alterations in trabecular 
microstructure, but does not adversely affect long-term bone health, suggest that there 
may be an alternate mechanism to compensate for the observed low rates of trabecular 
bone recovery post-weaning. 
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 Thus, we next investigated the effect of multiple reproductive cycles on the tibial 
trabecular as well as cortical bone. In contrast to the first cycle, subsequent reproductive 
cycles revealed minimal changes in trabecular bone microstructure during the pregnancy 
phase. On the other hand, lactation-induced deterioration of trabecular microstructure and 
thickness, and post-weaning recovery of trabecular thickness, followed similar trends 
over the course of all three cycles, although trabecular microarchitectural changes were 
more dramatic during the first reproductive cycle than the second and third. Additionally, 
reproduction-induced changes in cortical bone were larger during the first cycle of 
pregnancy and lactation, as pMOI, Ct.Area, and Ct.Th underwent substantial changes 
during the first reproductive cycle, but changed much less dramatically as a result of 
subsequent cycles. Changes in cortical bone during the first reproductive cycle were 
similar to those found by Miller et al. (37) and Vajda et al. (38), who also found an 
increased Ct.Area in rats at the end of pregnancy, and a reduced Ct.Area at the end of 
lactation, relative to controls. Furthermore, previous studies of reproductive metabolism 
have indicated that later cycles of pregnancy and lactation are more efficient than the first 
(41,44), which may help to explain our findings of greater trabecular and cortical bone 
loss over the first cycle of pregnancy and lactation, as compared to subsequent cycles. 
 Overall, the cumulative effect of three repeated cycles of pregnancy, lactation, 
and weaning resulted in a substantially altered trabecular as well as cortical architecture. 
After three reproductive cycles, the trabecular network of reproductive rats was 
characterized by fewer, less connected, and more rod-like, but also, on average, thicker 
trabecular elements than that of virgin controls. This finding of a substantially altered 
trabecular microstructure after multiple reproductive cycles is in agreement with a cross-
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sectional study by Bowman et al., who also found that, after 6 weeks of recovery from 
two successive reproductive cycles, rats showed substantially reduced trabecular BV/TV 
at the tibial metaphysis relative to nulliparous controls (11). Interestingly, after 3 
reproductive cycles, the cortical bone of reproductive rats appeared to be more robust, 
with a greater pMOI, Ct.Area, and Ct.Th in reproductive rats than controls. This is 
consistent with a clinical study indicating that women who underwent a long duration of 
breastfeeding (more than 33 months) had a greater tibial cross-sectional moment of 
inertia compared with women who breastfed for less than 12 months when assessed ~16 
years after the last lactation (23). Additionally, FEA-derived measurements of whole-
bone stiffness showed no difference between reproductive and virgin rats at the end of 
three reproductive cycles, indicating that, although reproduction induced transient 
changes in whole-bone stiffness, there did not appear to be any significant long-term 
effect of reproduction on the mechanical integrity of the bone in spite of the substantially 
altered trabecular and cortical microarchitecture. This result is consistent with previous 
mechanical testing-based studies carried out in rats, as Vajda et al. found a decrease in 
vertebral and femoral stiffness in reproductive rats as a result of lactation, with no 
remaining significant difference in stiffness between reproductive rats and nulliparous 
controls at 8 weeks post-weaning (38).  
 The lack of difference between reproductive and virgin rats in whole-bone 
stiffness at week 33, combined with the apparently irreversible trabecular deterioration 
and the increased robustness of post-reproductive cortical bone, suggest that the cortical 
bone may be able to compensate for trabecular bone deficits, allowing the bone to 
maintain its mechanical integrity after reproduction in spite of the incomplete recovery of 
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the trabecular microarchitecture. In particular, reproduction may induce a redistribution 
of load between the cortical and trabecular compartments, where the cortical bone of 
post-reproductive rats may carry a larger proportion of the load applied to the bone. The 
last portion of our study sought to investigate this question by evaluating the fraction of 
the total load carried by the cortical and trabecular compartments in virgin and 
reproductive rats. Indeed, we found that in reproductive rats, the percentage of the total 
load borne by the cortical bone increased significantly after three reproductive cycles, 
while no changes were found in the cortical loadshare fraction of virgin rats over the 
same time period. This leads us to conclude that reproduction may lead to a redistribution 
of mechanical functions, where cortical bone carries a larger proportion of the load in 
post-reproductive bone, which, in turn, could help to explain the paradox that 
reproduction leads to bone loss with incomplete recovery without increasing 
postmenopausal risk of osteoporosis or fracture.  
 Estimation of longitudinal bone growth at the proximal tibia also suggested a 
significant effect of reproduction on whole-bone growth rate, as reproductive rats were 
found to undergo greater increases in tibia length than virgins over the course of multiple 
reproductive cycles. Previous cross-sectional studies evaluating the effects of 
reproduction on long-bone growth based on fluorescent markers identified on histological 
sections, have indicated elevated growth in rats during pregnancy, which slowed during 
lactation, and then resumed during the post-weaning period (41,45). Thus, we expect that 
our observed differences in total tibial growth between reproductive and virgin rats over 
the course of a complete reproductive cycle are a result of the cumulative effects of 
altered growth rates during pregnancy, lactation, and post-weaning. However, our method 
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of evaluating tibial growth based on 2-D radiographs was limited in its temporal 
resolution and thus, although we were able to quantify altered tibial growth over the 
course of a complete reproductive cycle, this method lacked the precision to detect 
changes in tibia growth rate during the individual phases of pregnancy, lactation, and 
weaning within each cycle. Thus, further longitudinal studies are required to clarify the 
precise effects of each reproductive phase on tibia growth.  
 Our finding that reproductive rats exhibit elevated longitudinal bone growth also 
suggests a modeling-based component to the effects of reproduction on trabecular and 
cortical bone microstructure, through changes in endochondral ossification from the 
growth plate. For instance, it is possible that, in addition to increases in bone formation 
on the surfaces of existing trabeculae, the development of new trabecular elements from 
the growth plate through endochondral ossification may also play a small role in the 
increase in trabecular bone mass observed post-weaning. Furthermore, newly formed 
trabecular bone generated from the growth plate through endochondral ossification may 
also form an important source of calcium during pregnancy and lactation. Altered 
patterns of endochondral ossification may also play a part in inducing the changes in 
cortical bone structure observed during reproduction, as longitudinal bone growth plays 
an important role in determining overall bone size. Thus, the elevated cortical pMOI and 
Ct.Area observed in reproductive rats compared to virgins after 3 reproductive cycles 
may partially be a result of their altered longitudinal growth. However, further studies are 
required to clarify the relationship between the reproduction-based changes in 




 This study is novel in its longitudinal design, allowing precise, long-term tracking 
of reproduction-induced changes in maternal rat bone. However, there are inherent 
limitations to this design: Notably, this study utilizes a rat model. Although rat bone is 
highly representative of the changes undergone by human bone under similar conditions, 
the precise implications of the findings of this study for human health remain to be 
confirmed in a clinical study. Notably, the reduced extent of bone loss experienced by 
women as compared to rodents as a result of reproduction and lactation may induce 
altered patterns of trabecular and cortical bone loss and compensation in humans than 
those reported here for rats. However, a preliminary longitudinal study using high-
resolution peripheral quantitative CT (HR-pQCT) to evaluate microstructural changes in 
women in response to lactation indicated a significant, 3% reduction in inner trabecular 
density at the distal radius over the course of 6 months of lactation, which persisted 6 
months post-weaning (46), consistent with our findings of persistent reproductive 
trabecular bone loss in rats. Additionally, a more recent HR-pQCT based study also 
showed 2.6% reduced trabecular thickness and 2.6% reduced BV/TV at the distal tibia at 
12-months post-partum in women who had lactated for at least 9 months (47), while 
another study showed that up to 3.6 years after delivery, women who lactated had 
reduced Tb.N and BV/TV, and elevated Tb.Th and Tb.Sp, as compared to baseline (48). 
The increasing availability of HR-pQCT scanners means that a complete, longitudinal, 
clinical investigation of the long-term impact of pregnancy, lactation and weaning on 
bone microstructure will be possible in the near future.  
In addition, the in vivo µCT scans that were required to longitudinally track the 
precise changes in bone microarchitecture over the course of reproduction impart a 
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radiation dose of 0.639 Gy, and thus have the potential to induce radiation damage on the 
bone, which may impact study outcomes. Previous investigations utilizing a similar µCT 
scan protocol have demonstrated minimal adverse effects on rat bone (25,26), and the 
virgin control rats used in the current study, who were scanned following the same 
schedule as their reproductive counterparts, did not show structural deterioration over the 
course of the experiment. Thus, we do not anticipate that radiation exposure during the in 
vivo µCT scans significantly affected the results reported here. However, the potential 
confounding effects of radiation at the cellular level cannot be entirely excluded. Our 
study is also limited by the baseline differences in E.Perim and P.Perim found between 
the reproductive and virgin groups. Although rats were randomly assigned to the two 
groups at the start of the experiment, we did find a greater P.Perim and a trend towards a 
greater E.Perim in the reproductive group as compared to the virgins at week 0 (in spite 
of finding no significant baseline differences between the two groups in any of the other 
parameters). Thus, this baseline difference in cortical bone structure needs to be 
considered when interpreting the results of our cortical analysis. Finally, our study is 
limited by the available spatial resolution of in vivo µCT images. Although the 10.5 µm 
voxel size was sufficient for all the measurements reported here, an in vivo measurement 
of reproduction-induced changes in cortical bone porosity was not possible at this 
resolution.  
 In spite of its limitations, this study provides a thorough, longitudinal evaluation 
of the effects of pregnancy, lactation, and weaning on maternal bone, allowing important 
insight into the processes taking place during and after reproduction. Taken together, our 
results indicate that pregnancy and lactation result in both long-term and short-term 
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alterations in trabecular microstructure, with the trabecular thickness undergoing a 
transient reduction which is fully recovered after weaning, while the trabecular 
microarchitecture undergoes a substantial deterioration, which recovers minimally. In 
contrast to trabecular bone structure, our study shows an improved robustness of cortical 
bone, as well as an increase in the proportion of the total load carried by the cortical 
bone, as a result of reproduction. This may compensate for the irreversible trabecular 
deterioration taking place, resulting in no long-term effect of reproduction on whole-bone 
stiffness at the proximal tibia.  
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CHAPTER 4: REPRODUCTION DIFFERENTIALLY AFFECTS TRABECULAR 
BONE DEPENDING ON ITS MECHANICAL VS. METABOLIC ROLE 
A. Introduction 
 The skeleton has important mechanical as well as metabolic functions. In 
particular, during the physiological processes of pregnancy and lactation, the mother's 
skeleton forms an important source of calcium for fetal and infant growth, and as a result, 
these processes induce substantial maternal bone loss, which is partially, but 
incompletely recovered following weaning (1,2). However, in spite of the remaining 
deficits in bone structure and/or mechanics that have been documented long after the end 
of lactation (3-12), multiple clinical studies have indicated that reproduction is not 
associated with increased risk of postmenopausal osteoporosis or fracture (2,13-19). 
Recent studies have also indicated that the extent of reproductive bone loss and recovery 
varies depending on the skeletal site that is assessed (10), and the trabecular regions in 
particular have been shown to recover incompletely after weaning (3,5,6,8,10,12). 
  Taken together, these findings that reproductive history does not adversely affect 
postmenopausal fracture risk, while inducing irreversible damage to specific trabecular 
bone sites, led us to hypothesize that the trabecular bone at skeletal sites that undergo 
irreversible bone loss during reproduction may play more of a metabolic, rather than a 
mechanical role. This would allow for permanent alterations in trabecular structure at 
such sites without increasing risk of fracture. Indeed, it has been shown that in rats, 
lactation bone loss results in preferential resorption of the central trabecular regions in the 
tibial metaphysis, as opposed to the trabeculae located in the medial and lateral 
metaphysis, which was hypothesized to be due to variations in the extent to which these 
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different trabecular compartments participate in the tibia's load-bearing function (20). 
Furthermore, a study in mice showed that while trabecular microstructure recovered fully 
after weaning at the spine, recovery was incomplete at the tibia and femur (10), possibly 
due to differences in their relative roles in skeletal mechanics vs. metabolism. Strikingly, 
female birds, which undergo a high demand for calcium during the egg laying period, are 
known to generate a specific type of metabolically active bone, termed "medullary bone" 
within the medullary cavities of certain long bones, which serves the purpose of 
providing a rapid source of calcium to allow for egg shell formation (21). In contrast to 
cortical and trabecular bone, medullary bone is a rapidly formed woven bone that is often 
formed in isolated clusters and therefore plays a minimal role in bone mechanics (21). 
Although the mammalian skeleton does not contain a distinct bone type that plays a 
solely metabolic role, it is likely that the trabecular bone in some regions of the skeleton, 
notably those that are surrounded by thick cortices that are able to bear the majority of the 
applied load, may have a similar function during times of high metabolic need such as 
reproduction. One such site which may play a largely metabolic role in the mammalian 
skeleton is the trabecular bone at the proximal tibia, as our studies reported in Chapter 3 
indicated that reproduction induces dramatic, irreversible alterations in trabecular 
structure at this site with no long-term impact on whole-bone stiffness. 
 However, at other sites, trabecular bone does play a critical load-bearing function, 
and thus, permanent alterations in trabecular architecture would be expected to adversely 
affect fracture risk at these sites. One such site is the spine. In an ex vivo study of the 
human lumbar vertebra L3, trabecular bone volume fraction was shown to be 
significantly correlated with the vertebral body failure load and stiffness with correlation 
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coefficients (r) of 0.73 and 0.66, respectively, and the relationship between trabecular 
bone structure and whole-bone mechanics was even stronger when parameters of 
trabecular microarchitecture were included (22). Studies evaluating the contributions of 
trabecular microstructure to vertebral mechanics in rats found similar results (23). 
Furthermore, finite element-based evaluations of the distribution of load between the 
trabecular and cortical compartments in the spine have indicated that the vertebral 
trabecular bone is responsible for bearing approximately 40-80% of the applied load 
(depending on the location within the vertebral body) (24-26), suggesting that integrity of 
the trabecular microarchitecture is critical in maintaining the vertebra's load-bearing 
capacity.  
 Based on the relative extent of their roles in the skeleton's mechanical vs. 
metabolic function, one might expect that different trabecular sites will undergo distinct 
patterns of reproductive bone loss and recovery. In this study, we sought to explore the 
relationship between the fraction of the load applied to the trabecular bone and the 
reproduction-induced trabecular bone changes in a rat model. To do this, we quantified 
the trabecular load-share fraction and the extent of reproductive bone loss and recovery at 
two distinct skeletal sites: the tibia and vertebra. We hypothesized that the trabecular 
bone at the vertebra bears a larger fraction of the total applied load, and thus plays a more 
critical role in the load-bearing function of that site. On the other hand, we expected that 
at the proximal tibia, the trabecular bone is less critical to the bone's load-bearing 
function, as it is surrounded by a thick cortical shell, thus allowing it to play a more 
metabolic role. Because of its crucial load-bearing function, we further anticipated that 
vertebral trabecular bone would undergo a lower degree of reproduction-induced 
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structural deterioration and a larger degree of post-weaning recovery than trabecular bone 
at the tibia. 
B. Methods 
B.1 Animal protocol 
 All animal experiments were approved by the University of Pennsylvania’s 
Institutional Animal Care and Use Committee. Female, Sprague Dawley rats were 
assigned to 4 groups (n=6/group): Virgin, Pregnancy, Lactation, and 6-Week Post-
Weaning. Rats in the Pregnancy group were mated, became pregnant, and were sacrificed 
at parturition. Rats in the Lactation group underwent pregnancy as well as 2 weeks of 
lactation, and were sacrificed on lactation day 14. Rats in the 6-Week Post-Weaning 
group also underwent pregnancy and lactation, were weaned on lactation day 21, and 
were allowed to recover for 6 weeks. To capture cell activities post-weaning, an 
additional group of rats was used (2-Week Post-Weaning; n=6), which were weaned on 
day 14 of lactation, and were allowed to recover for 2 weeks after weaning. To ensure 
sufficient dietary calcium content, rats were fed a high-calcium diet (LabDiet 5001 
Rodent Diet; 0.95% Ca), as is the standard for rat studies of lactation bone loss (7,27,28). 
All litters were normalized to 9 pups per mother within 24 hours of birth. One rat each in 
the Lactation and 2-Week Post-Weaning groups failed to become pregnant, resulting in a 
final sample size of n=5 for the Lactation and 2-Week Post-Weaning groups, and n=6 for 
all other groups.  
 All rats were sacrificed at age 6-7 months, and serum was collected immediately 
after sacrifice. The right tibiae and the first, second, and fourth lumbar vertebrae (L1, L2, 
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and L4) were also dissected directly after sacrifice. L1 and L2 were stored in PBS and 
frozen at -20 degrees Celsius, and the right tibiae and L4 were stored in 70% ethanol.  
B.2 µCT scans 
 On the day of sacrifice, all rats received in vivo micro-computed tomography 
(µCT) scans of the right proximal tibia, as described in Lan et al. (29). Briefly, rats were 
anesthetized (4/2% isoflurane), and were fixed in a customized holder such that the right 
tibia was extended. A 4-mm long region of the tibia, located immediately distal to the 
proximal growth plate, was scanned at 10.5 µm resolution, with 145 µA current, 55 kVp 
energy, and 200 ms integration time, resulting in a total scan time of approximately 20 
minutes.  
 To evaluate vertebral trabecular structure, L4 vertebrae were scanned ex vivo. 
Specifically, a 6-mm long segment at the center of the vertebral body was scanned at 10.5 
µm resolution, with 145 µA current, 55 kVp energy, and 300 ms integration time.  
 Finally, a 2-mm long segment at the center of the L2 vertebral body was also 
scanned ex vivo at 20 µm resolution, with 145 µA current, 55 kVp energy, and 200 ms 
integration time, in order to estimate cross-sectional area for compression testing.  
B.3 Microstructural analysis 
 Trabecular bone microstructure was quantified at the proximal tibia and in the L4 
vertebral body for all rats in the Virgin, Pregnancy, Lactation, and 6-Week Post-Weaning 
groups. At the proximal tibia, a 150-slice-thick trabecular volume of interest (VOI), 
located 2.5 mm distal to the growth plate, was isolated. At L4, a 200-slice-thick VOI was 
identified at the center of the vertebral body, located at the midpoint between the two 
endplates. All VOIs were manually defined so as to include all trabecular bone, and 
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exclude the cortex. Within each VOI, bone tissue was isolated by applying a Gaussian 
filter (sigma = 1.2, support = 2), followed by a global threshold equal to 544 mg HA/cm
3
. 
Finally, bone volume fraction (BV/TV), trabecular number (Tb.N), thickness (Tb.Th), 
and spacing (Tb.Sp), structure model index (SMI), and connectivity density (Conn.D), 
were evaluated (30). 
B.4 Micro-finite element analysis (µFEA) 
 Whole-bone stiffness was computed for a 1.575-mm-thick region of the proximal 
tibia, located 2.5 mm distal to the growth plate, and for a 2.1-mm-thick region of the 
center of the L4 vertebral body for all rats in the Virgin, Pregnancy, Lactation, and 6-
Week Post-Weaning groups through micro-finite element analysis (µFEA). Each µCT 
image was down-sampled by a factor of 1.5 to result in a final voxel size of 15.75 µm. To 
ensure consistent orientation, µCT images of the vertebra were aligned to a single 
template image through image registration (image registration was not needed at the tibia, 
as these scans were already highly aligned due to the use of the customized holder during 
in vivo µCT scans (29)). The tibia was then isolated from the fibula and the vertebral 
body was isolated from the processes, and images were Gaussian filtered (sigma=1.2, 
support=2), and thresholded (threshold equal to 544 mg HA/cm
3
). Each bone voxel was 
converted to an eight-node brick element to construct the finite-element model, an axial 
displacement corresponding to 1% apparent strain was simulated, and the resulting 
reaction force was computed as described in (31). Bone was modeled as a linear elastic 
material with Young's modulus of 15 GPa and Poisson's ratio of 0.3 (32).  
 Whole-bone stiffness was derived by dividing the reaction force by the total 
displacement. In addition, the fraction of the total load borne by the trabecular 
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compartment was estimated at both sites. At both the tibia and vertebra, the distribution 
of load between the cortical and trabecular compartments varies substantially, depending 
on the location of analysis within the bone (25,33). Therefore, to ensure consistency, the 
trabecular load-share fraction was computed at the same location within each site for 
each rat. The total reaction forces and the reaction force exerted by the trabecular 
compartment at the proximal-most bone surface of the tibia image stack (located 2.5 mm 
distal to the proximal tibial growth plate) and at the caudal-most bone surface of the L4 
image stack (located 1.05 mm caudal to the center of the vertebral body) were calculated 
(Figure 4-1). The trabecular load-share fraction was defined as the load supported by the 
trabecular bone, divided by the total load on the bone surface.  
 
Figure 4-1. Schematic illustrating the isolation of trabecular  (gray) and cortical (black) 
compartments at L4 (left) and the tibia (right) for calculation of load-share fraction. 
 
B.5 Static and dynamic bone histomorphometry 
 All rats in the Virgin, Pregnancy, Lactation, and 2-Week Post-Weaning groups 
received subcutaneous injections of calcein (15 mg/kg, Sigma-Aldrich, St. Louis, MO) at 
9 and 2 days prior to sacrifice, and the right tibiae and L4 were processed for 
undecalcified histology. Briefly, tibiae and L4 were stored in 70% ethanol prior to methyl 
methacrylate (MMA) embedding. MMA-embedded samples were sectioned using a 
Polycut-S motorized microtome (Reichert, Heidelberg, Germany). For dynamic bone 
histomorphometry, 8 μm-thick sections were cut, and, based on the calcein labels, 
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measurements of bone formation rate (BFR/BS), mineral apposition rate (MAR), and 
mineralizing surfaces (MS/BS) were made in the secondary spongiosa of the proximal 
tibia and at the center of the vertebral body in L4.  
 For static bone histomorphometry, 5 μm-thick sections were cut (Polycut-S 
motorized microtome, Reichert). Sections were stained with Goldner's trichrome, and 
osteoblast number (Ob.N/BS), osteoclast number (Oc.N/BS), osteoblast surface 
(Ob.S/BS) and osteoclast surface (Oc.S/BS) were measured at the same location where 
dynamic bone histomorphometry was performed. All static and dynamic 
histomorphometry measurements were made using Bioquant Osteo Software (Bioquant 
Image Analysis, Nashville, TN). 
B.6 Serum biochemistry analysis 
 At sacrifice, blood was collected from all rats in the Virgin, Pregnancy, Lactation, 
and 2-Week Post-Weaning groups via cardiac puncture. Blood was maintained at room 
temperature for 30 minutes after collection to allow for coagulation, after which it was 
placed on ice and centrifuged at 200xg for 10 minutes to isolate serum. Serum levels of 
the resorption marker TRAcP 5b (TRAP) were measured (RatTRAP
TM
 Assay, 
Immunodiagnostic Systems, Scottsdale, AZ). 
B.7 Vertebral compression test 
 To further investigate the effects of reproduction on mechanical properties at a 
site that is largely made up of trabecular bone, L2 vertebrae from rats in the Virgin, 
Lactation, and 6-Week Post-Weaning groups underwent compression tests. Vertebrae 
were dissected out, cleaned of soft tissue, and were scanned by µCT, as described above. 
The cranial and caudal ends of the vertebrae were cut using a low-speed diamond saw 
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(Isomet, Buehler, Lake Bluff, IL) to produce parallel surfaces for uniaxial compression 
testing, following a procedure adapted from Pendleton et al. (34). The processes were 
then removed, resulting in the isolation of a 4.04 mm-thick section of the vertebral body 
(corresponding to ~60% of the total vertebral body height), which was subsequently 
wrapped in saline-soaked gauze until testing.  
 After processing, the vertebral body was positioned between two parallel platens 
within the mechanical testing device (Instron 5542, Norwood, MA). Samples were 
compressed to failure at a displacement rate of 1.8 mm/minute. Load-displacement 
curves were used to calculate peak load, stiffness, and energy to failure. Apparent-level 
properties, including ultimate stress, elastic modulus, and toughness, were estimated by 
normalizing extrinsic properties by µCT-derived total cross-sectional area (CSA), as 
described in (35). 
B.8 Nanoindentation 
 L1 from rats in the Virgin, Lactation, and 6-Week Post-Weaning groups were 
dissected free of soft tissue and were cut along the transverse plane using a low-speed 
diamond saw. The cut surfaces were polished using silicon carbide abrasive paper (with 
grit sizes of 1200, 2400, and 4000 grits), followed by Al2O3 paste (1 and 0.3 µm) in wet 
conditions. Finally, samples were sonicated in de-ionized water to remove debris, and 
were glued onto a holder mounted in the nanoindenter system (Nano-XP, MTS, 
Oakridge, TN), as described previously (36-38). The trabecular bone was indented under 
wet conditions using a pyramidal Berkovich tip, at a displacement rate of 10 nm/second 
up to 500 nm indentation depth. After a 30-second holding period, bone was unloaded at 
10 nm/second, and the slope of the unloading curve and peak load were used to compute 
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the elastic modulus (E) and hardness (H) based on the Oliver-Pharr method (39). A total 
of 30 indents were performed for each sample, with 15 indents made on the surface 
regions of the trabeculae, and 15 indents made in the central regions of the trabeculae 
(Figure 4-2). Surface and center regions were identified using a light microscope 
contained within the nanoindenter system.  
 
Figure 4-2. Schematic illustrating the locations where nanoindentation was performed to 
assess material properties of the surface and center regions of the trabeculae. 
 
B.9 Statistical analysis 
 All results are presented as mean ± standard deviation (SD). Differences among 
groups in trabecular microstructure, histological parameters, and bone mechanics were 
identified through a one-way analysis of variance (ANOVA). Upon the presence of 
statistically significant effects, post-hoc comparisons among groups were made using 
Bonferroni corrections. All analyses were performed using NCSS 7.1.4 (NCSS, LCC, 
Kaysville UT), and a two-tailed p-value below 0.05 was considered to indicate statistical 
significance.  
C. Results 
C.1 Site-specific changes in trabecular microarchitecture during reproduction 
 At the proximal tibia, the trabecular microstructure was dramatically deteriorated 
as a result of reproduction (Figure 4-3). At the end of pregnancy, BV/TV was 33% lower 
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than in Virgins. After 2 weeks of lactation, the microarchitecture was further deteriorated, 
with an 84% lower BV/TV compared to the Virgin group. In addition, rats in the 
Lactation group had reduced Tb.N, Tb.Th, and Conn.D, with elevated Tb.Sp and SMI, as 
compared to Virgins. After weaning, there was a partial microstructural recovery, as the 
6-Week Post-Weaning group showed 274% greater BV/TV than the Lactation group. 
However, the 6-Week Post-Weaning group continued to have 40% lower BV/TV than 
Virgins, and also had reduced Tb.N and Conn.D, and elevated Tb.Sp and SMI, indicating 
an incomplete recovery post-weaning.   
 At the lumbar vertebra, reproduction-associated changes in trabecular 
microstructure were generally similar to those observed at the proximal tibia. However, 
the degree of structural deterioration appeared to be less severe at this site (Figure 4-3A). 
After pregnancy, rats had 17% reduced BV/TV compared to Virgins, while Lactation rats 
showed more substantial trabecular deterioration, with 67% lower BV/TV than Virgins, 
in addition to reductions in Tb.N and Tb.Th and elevations in Tb.Sp and SMI.  
Trabecular microstructure at the L4 vertebra also underwent a period of post-weaning 
recovery, as indicated by the 140% greater BV/TV in 6-Week Post-Weaning rats 
compared to the Lactation group. Similar to the tibia, there were remaining deficits in 
trabecular bone structure at L4 post-weaning, as the 6-Week Post-Weaning group showed 
21% reduced BV/TV, along with a slight reduction in Tb.N and an elevated SMI, as 
compared to Virgins. Overall, the degree of pregnancy- and lactation-associated 
trabecular deterioration, as well as the magnitude of the deficits in trabecular 
microstructure that remained at 6 weeks post-weaning, were substantially lower at the 
lumbar vertebra as compared to the proximal tibia. Notably, the vertebra showed no 
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significant changes in Conn.D as a result of reproduction, and underwent a low degree of 
changes in Tb.N. 
 
Figure 4-3. (A) Representative 3D renderings of trabecular microstructure at the 
proximal tibia and the L4 vertebra in Virgin, Pregnancy, Lactation, and 6-Week Post-
Weaning rats. (B-G) Microstructural parameters at the tibia and L4 at each reproductive 
stage, including: (B) BV/TV, (C) Tb.N, (D) Tb.Th, (E) Tb.Sp, (F) SMI, and (G) Conn.D. 
* indicate significant differences among groups (p<0.05), # indicate trends towards 
differences among groups (p<0.1). 
 
C.2 Effects of reproduction on trabecular bone remodeling and cell activities 
 Static and dynamic histomorphometry and serum TRAP indicated minimal effects 
of pregnancy on bone remodeling or cell activities (Figure 4-4). The only parameter that 
differed substantially between the Pregnancy and Virgin groups was Oc.S/BS, which was 
178% elevated during pregnancy at the L4 vertebra. Similar to the Pregnancy group, the 
Lactation group also showed no differences from Virgins in BFR/BS, MAR, MS/BS, 
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Oc.N/BS, or serum TRAP. However, the Lactation group did have 99% and 112% 
greater Ob.N/BS and Ob.S/BS than Virgins at the tibia, with no differences in either 
parameter at L4. In addition, Lactation rats showed a trend towards a 140% elevated 
Oc.S/BS compared to Virgins at the vertebra (p<0.1).  
 Following weaning, there was a systemic reduction in bone resorption, as 
indicated by 56% lower serum TRAP in the 2-Week Post-Weaning group compared to 
the Lactation group. In addition, the 2-Week Post-Weaning group also showed 59-60% 
lower Oc.S/BS than the Pregnancy group at both the tibia and L4. Meanwhile, dynamic 
histomorphometry indicated rapid bone formation post-weaning, as the 2-Week Post-
Weaning group had 581% and 630% greater BFR/BS than Virgins at the tibia and L4, 
respectively. This increase in bone formation appeared to result from an increase in 
mineralizing surface, as the 2-Week Post-Weaning group also showed 337-485% greater 
MS/BS than Virgins at both skeletal sites, while no differences were found between 
Virgin and Post-Weaning rats in MAR. In addition, Ob.N/BS was 144% greater at L4 and 
Ob.S/BS was 107-221% elevated at both sites in the 2-Week Post-Weaning group 
compared to Virgins. Comparison of post-weaning indices of dynamic histomorphometry 
at the two sites by paired t-test indicated that the BFR/BS was 32% greater at L4 than at 




Figure 4-4. Trabecular bone remodeling in Virgin, Pregnancy, Lactation, and 2-Week 
Post-Weaning rats. (A) Representative calcein-labeled histology slides of the proximal 
tibia used to evaluate bone formation. (B) Representative trichrome-stained slides. 
Yellow triangles indicate osteoblast locations; yellow asterisks indicate osteoclast 
locations. Close-up images of osteoblasts (in Virgin and Post-Weaning groups) and 
osteoclasts (in Pregnancy and Lactation groups) are shown in the bottom left-corner of 
each slide. (C-E) Bone formation parameters during each reproductive phase, including 
(C) BFR/BS, (D) MS/BS, and (E) MAR, as quantified through fluorescent-labeled 
dynamic histomorphometry. (F) Serum TRAP. (G-J) Static histomorphometry-based cell 
numbers and surfaces, including (G) Ob.N/BS, (H) Ob.S/BS, (I) Oc.N/BS, and (J) 
Oc.S/BS. * indicate significant differences among groups (p<0.05), # indicate trends 
towards differences among groups (p<0.1). 
C.3 Site-specific effects of reproduction on whole-bone stiffness and trabecular load-
share fraction 
 µFEA indicated that whole-bone stiffness decreased as a result of reproduction at 
both skeletal sites (Figure 4-5A). At the tibia, whole-bone stiffness was 18% lower in the 
Pregnancy group and 36% lower in the Lactation group than the Virgin group. Although 
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whole-bone stiffness increased 24% after weaning, 6-Week Post-Weaning rats continued 
to show 20% lower whole-bone stiffness than Virgins at the tibia. At the lumbar vertebra, 
there was no change in whole-bone stiffness associated with pregnancy; however, 
Lactation rats had 49% lower whole-bone stiffness than Virgins. Similar to the tibia, 
although there was a significant, 51% increase in vertebral stiffness after weaning, 6-
Week Post-Weaning rats continued to show 23% lower whole-bone stiffness than 
Virgins.  
 Evaluation of the trabecular load-share fraction indicated substantial differences 
in the load distribution as well as in the patterns of reproductive bone loss/recovery 
depending on the skeletal site (Figure 4-5B). At the proximal tibia, Virgin rats had a 
trabecular load-share fraction of 32%. Meanwhile, at L4, Virgins had a trabecular load-
share fraction of 55%, which was significantly greater than that at the tibia (p<0.0001 by 
paired t-test), indicating that trabecular bone at the lumbar vertebra plays a larger relative 
role in load-bearing as compared to the proximal tibia. At the tibia, reproduction 
dramatically and irreversibly altered the load-bearing function of the trabecular bone: The 
tibial trabecular load-share fraction was 37% lower in the Pregnancy group and 84% 
lower in the Lactation group, as compared to Virgin rats. Although the trabecular load-
share fraction did increase significantly post-weaning, the 6-Week Post-Weaning group 
continued to have 40% lower trabecular load-share fraction than Virgins. At the lumbar 
vertebra, the trabecular load-share fraction underwent minimal changes as a result of 
reproduction. Rats in the Lactation group showed 24% lower vertebral trabecular load-
share fraction than Virgins. However, by 6 weeks post-weaning, the vertebral trabecular 




Figure 4-5. Finite-element analysis (FEA)-derived (A) whole-bone stiffness and (B) 
trabecular load-share fraction in Virgin, Pregnancy, Lactation, and 6-Week Post-Weaning 
groups. * indicate significant differences among groups (p<0.05). 
C.4 Reproduction-associated changes in vertebral compressive properties 
 To further evaluate the effects of structural changes on trabecular mechanics and 
bone tissue material properties, compression testing was performed at the L2 vertebra of 
rats in the Virgin, Lactation, and 6-Week Post-Weaning groups. As shown in Figure 4-6, 
reproduction induced deteriorations  in whole-bone peak load, stiffness, and energy to 
failure, all of which were fully recovered after weaning. Similar trends were found when 
apparent-level properties were computed by normalizing whole-bone mechanics by 
vertebral size. Namely, Lactation rats had reduced ultimate stress, elastic modulus, and 
toughness than Virgins, while the apparent-level properties of 6-Week Post-Weaning rats 
were not significantly different from those of Virgins, indicating complete recovery of 




Figure 4-6. Lumbar vertebra mechanics in Virgin, Lactation, and 6-Week Post-Weaning 
rats, as measured through compression testing of L2. (A-C) Extrinsic properties of the 
vertebra: (A) peak load, (B) stiffness, (C) energy to failure. (D-F) Apparent-level 
properties derived through normalization of L2 compression results for bone size: (D) 
ultimate stress, (E) elastic modulus, (F) toughness. * indicate significant differences 
among groups (p<0.05). 
C.5 Reproduction-induced changes in material properties of vertebral trabecular 
bone 
 Nanoindentation was performed on the trabecular bone of the L1 vertebrae of rats 
in the Virgin, Lactation, and 6-Week Post-Weaning groups to more closely investigate 
the effects of reproduction on trabecular bone material properties. Indents were made at 
both the center and surface of the trabeculae (Figure 4-2), with variable patterns of 
reproduction-associated changes in nanoindentation modulus and hardness at these two 
locations (Figure 4-7). Lactation rats showed 10-14% reduced modulus at both sites, 
compared to Virgins. After weaning, the modulus at the center of the trabeculae 
recovered fully. In contrast to this, the trabecular surface region continued to have a 14% 
reduced modulus in the 6-Week Post-Weaning group, as compared to Virgins. 
Nanoindentation hardness underwent no changes during lactation at both sites. In contrast 
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to this, 6-Week Post-Weaning rats showed a 23-26% reduced hardness than both Virgin 
and Lactation rats at the trabecular surfaces.   
 
Figure 4-7. Tissue level properties of trabecular bone at the lumbar vertebra in Virgin, 
Lactation, and 6-Week Post-Weaning rats, as measured through nanoindentation: (A) 
Young's modulus  and (B) hardness at the center and surface regions. * indicate 
significant differences among groups (p<0.05). 
D. Discussion 
 This study evaluated the effects of pregnancy, lactation, and weaning on 
trabecular bone microarchitecture, cell activities, and mechanics at two skeletal sites with 
distinct trabecular load-bearing roles: the proximal tibia and lumbar vertebra. Both sites 
showed similar general trends of reproductive bone loss and recovery, with a reduction in 
trabecular BV/TV during pregnancy and lactation, which was partially recovered post-
weaning. However, the extent of the deterioration in trabecular microarchitecture and 
resumption of its load-bearing function after weaning differed substantially between the 
two locations. At the tibia, where trabecular bone was found to bear a low proportion of 
the total load applied to the bone, there was a dramatic deterioration of trabecular bone 
microarchitecture during pregnancy as well as lactation. In contrast to this, at the lumbar 
vertebra, where the trabecular bone bears a substantially greater share of the total applied 
load, there was minimal deterioration of the trabecular microarchitecture. Differences in 
the two skeletal sites continued post-weaning. Although both sites showed dramatically 
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elevated bone formation activities after weaning, the post-weaning bone formation rate 
was significantly higher at the L4 vertebra than the proximal tibia. As a result, the 
trabecular bone at the vertebra resumed its full load-bearing function after weaning. In 
contrast, the tibial trabecular load-share fraction was not restored at the end of the post-
weaning period. Because pregnancy and lactation are physiological processes, the 
differential trabecular response to these natural events at the lumbar vertebra vs. the tibia 
may indicate differences in the extent of the trabecular bone's structural vs. metabolic 
functions at these two locations.  
 Changes in trabecular bone microstructure during pregnancy, lactation, and post-
weaning reported in this study were consistent with previous findings. At the rat proximal 
tibia, previous static histomorphometry-based evaluations (8) and our longitudinal, in 
vivo µCT-based investigation (Chapter 3)  also showed a high degree of pregnancy- and 
lactation-induced trabecular bone loss with microstructural deficits remaining up to three 
months post-weaning. Previous studies evaluating the effects of reproduction on rat 
vertebral trabecular bone found a decrease in bone volume fraction (as measured through 
histomorphometry) associated with lactation, which underwent a period of recovery post-
weaning (27). Our findings of differential reproductive bone loss and recovery between 
the proximal tibia and lumbar vertebra are also in line with previous studies. Liu et al. 
evaluated changes in trabecular structure at the lumbar spine, proximal tibia, and distal 
femur in mice, and found that there was a substantial reduction in trabecular BV/TV as 
well as a deteriorated microarchitecture at all three sites at the end of lactation, but that 
only the lumbar spine had undergone a complete recovery by 28 days post-weaning (10). 
Although this previous study did not quantify the trabecular load-share fraction at the 
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three sites evaluated, the trabecular bone in the mouse tibia and femur are both 
surrounded by a dense cortex, which likely bears the majority of the applied load, 
suggesting that the trabecular bone at these sites may play a more metabolic role, similar 
to the current findings.  
 Quantification of cell activities and bone remodeling showed similar findings to 
those determined from µCT-based microstructural evaluations. In agreement with 
previous studies in both rats and mice (4,6,40,41), measurement of Oc.S/BS and serum 
TRAP suggested elevated osteoclast activity during the pregnancy and lactation periods, 
which dropped post-weaning. Calcein-labeled dynamic histomorphometry indicated an 
anabolic period post-weaning at both skeletal sites assessed, with dramatic elevations in 
bone formation rate as well as mineralizing surface at 2 weeks post-weaning, but minimal 
changes in mineral apposition rate. This finding is highly consistent with previous 
evaluations by Bowman et al., who also showed greatly increased rates of bone formation 
and mineralizing surfaces in the rat tibia after weaning, with a lower degree of changes in 
MAR (8). Comparison of the parameters of bone formation between the two skeletal sites 
indicated a greater bone formation rate at L4 vs. the tibia at 2 weeks post-weaning, 
possibly explaining the greater degree of post-weaning recovery at this site.  
 In addition to elevated rates of bone formation post-weaning, our findings also 
indicate elevated osteoblast number and surface during both the lactation and post-
weaning periods. While post-weaning elevations in osteoblast numbers were expected, 
and agree with our µCT- and dynamic histomorphometry-based findings, the elevated 
osteoblast number and surface during lactation does not directly correlate with dynamic 
histomorphometry results. Previous studies measuring serum osteocalcin in mice also 
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indicated similar trends, suggesting elevations in osteoblast numbers during lactation in 
addition to post-weaning (6). Taken together, findings of elevated osteoblast as well as 
osteoclast activities during the lactation period are suggestive of a coupling between bone 
formation and resorption. A similar phenomenon has been found following menopause, 
where a net bone resorption occurs in the presence of elevated rates of both resorption 
and formation (42). Interestingly, elevations in osteoblast numbers were not seen during 
pregnancy, in spite of similarly elevated rates of bone resorption during both the 
pregnancy and lactation periods. Thus, further investigation into the distinct bone 
remodeling mechanisms during these two reproductive phases is warranted.  
 In addition to the coupling of bone formation and resorption activities, the 
elevated osteoblast numbers observed during week 2 of lactation may also indicate a 
preparation of the bone tissue for the subsequent anabolic period post-weaning. Indeed, 
when evaluating the rat tibia at the end of 3 weeks of lactation, Bowman et al. found 
moderate elevations in bone formation rates, which further increased after weaning (8). 
Further studies indicated high rates of osteoblast proliferation and elevated bone 
formation immediately after weaning (43). Because lactation and weaning are natural 
processes to which the skeletal physiology has been highly adapted, it is feasible that 
rates of osteoblast proliferation and osteoblast cell numbers may already begin to increase 
prior to weaning, in order to prepare for the upcoming anabolic period. Although the 
current study did not find an increased rate of bone formation (as measured through 
calcein labeling) at the end of the second week of lactation, the elevated osteoblast 
numbers observed at this time point may be an early indicator of subsequent post-
weaning skeletal recovery. However, further investigation of the mechanisms governing 
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the transition from lactation bone loss to the anabolic post-weaning period is critical to 
fully interpret these findings.  
 Evaluation of vertebral mechanics indicates that, in spite of the trabecular bone's 
metabolic role as a calcium source during reproduction, it undergoes a sufficient recovery 
post-weaning to maintain its structural role at sites where it plays a critical load-bearing 
function. In agreement with our findings, previous studies have also shown that, when 
tested in compression, the rat lumbar vertebra undergoes a deterioration in bone 
mechanics during lactation, with a decrease in peak load and stiffness, both of which are 
fully recovered after weaning (27). In contrast to findings obtained from direct 
mechanical testing, our finite-element (FE) based evaluations of bone mechanics 
indicated a partial recovery of whole-bone stiffness post-weaning at both the tibia and 
L4: at both sites, FE-based whole-bone stiffness was found to be 20-23% lower than 
virgins at 6 weeks post-weaning. Discrepancies between results from direct mechanical 
testing (which showed a complete recovery of bone mechanics at the L2 vertebra after 
weaning) and FE-based evaluation of whole-bone stiffness, may have arisen as a result of 
small differences between the vertebrae that were assessed through the two methods 
(FEA was performed at L4 whereas direct compression testing was performed at L2), or 
due to differences in the volume of interest (VOI) within the vertebral body that was 
tested (due to limitations in the computational power of our FE model, FEA was 
performed on a region corresponding to the center 33% of the vertebral body, whereas 
direct compression testing was performed on the middle 60% of the vertebral body). 
Alternatively, differences in the extent of whole-bone stiffness recovery as measured 
through mechanical testing vs. FEA may also be a result of assumptions of the FE model. 
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The voxel-based FE model utilized in this study assumes constant and uniform bone 
tissue material properties, and therefore allows an accurate evaluation of the effects of 
trabecular and cortical bone microstructure on whole-bone stiffness. However, it is 
possible that reproduction may also have induced an improvement in bone material 
properties, which would allow for a full recovery of whole-bone mechanics in spite of 
continuing deficits in FE-derived whole-bone stiffness. Although post-weaning rats did 
not show an increase in modulus above virgin levels at the nano-scale, whole-bone 
mechanical properties arise as a result of bone properties at multiple length-scales. Thus, 
the discrepancy between the findings based on FEA and compression testing warrants 
further investigation into possible micro-scale adaptations occurring in the trabecular 
bone during reproduction.   
 Incomplete recovery in FE-derived whole-bone stiffness at the proximal tibia 
suggests a long-lasting, negative effect of reproduction on bone mechanics at this site. 
Several earlier reports have also noted incomplete recovery of bone mechanics after 
pregnancy and lactation at long-bone sites (10,27). However, similar to the vertebra, FE-
derived tibial stiffness also does not account for possible changes in tissue-level material 
properties. Thus, the possibility that improvements in bone material properties may have 
partially compensated for the deteriorated microarchitecture to preserve the mechanical 
function of the tibia cannot be excluded, and future mechanical testing will be required to 
confirm the effects of reproduction on mechanical properties at the tibia. Alternatively, 
the incomplete recovery of FE-derived tibial stiffness may also have been due to the 
timeframe of the study: similar to the results reported here, our longitudinal in vivo µCT-
based evaluation of bone changes at the proximal tibia, reported in Chapter 3, also 
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showed a reduced FEA-derived whole-bone stiffness at 6 weeks post-weaning after the 
first reproductive cycle. Interestingly, this deficit was recovered after 3 sequential 
reproductive cycles, at which time the cortical bone at the proximal tibia was found to be 
more robust in post-weaning rats, while deficits in trabecular bone remained (Chapter 3). 
Taken together, results of the current study, where we found a dramatic and irreversible 
reduction in the trabecular load-share fraction at the proximal tibia as a result of 
reproduction, combined with our previous findings indicating subtle improvements of the 
cortical bone structure after reproduction (Chapter 3), suggest that, at the tibia, the 
cortical bone may be able to compensate for reproduction-induced decreases in trabecular 
bone microstructure. However, although 6 weeks of recovery is a sufficient time period 
to allow for post-weaning remodeling of the trabecular microstructure (8), our previous 
findings suggested that cortical bone adaptations may develop gradually over a longer 
time period (Chapter 3). As a result, the cortical bone remodeling process may have been 
incomplete at 6 weeks post-weaning, resulting in a reduced whole-bone stiffness.   
 This study also indicated interesting trends in bone tissue material properties as a 
result of reproduction. By performing nanoindentation at two distinct regions within the 
vertebral trabecular bone, reproduction-induced changes in bone tissue modulus and 
hardness were directly measured at both the surface and central regions of the trabeculae. 
At both sites, there was a decrease in modulus after lactation, indicating a reduction in 
bone tissue quality in addition to the structural deterioration observed through µCT. 
Previous studies have implicated the osteocyte perilacunar network as an important 
source of calcium during periods of high metabolic need such as lactation (44), which has 
been shown to significantly affect bone tissue quality (45). Although direct quantification 
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of the osteocyte lacunar/canalicular network was not performed in the current study, the 
reduction in bone tissue modulus at the central trabecular regions due to lactation and its 
recovery post-weaning are likely the result of the lactation-induced, reversible, osteocyte 
perilacunar/canalicular remodeling that has been previously reported (44,45). Bone tissue 
modulus at the surface of the trabeculae was also found to be significantly decreased at 
the end of lactation. However, in contrast to the center of the trabeculae, the surface 
tissue modulus did not recover post-weaning. In addition, the hardness of the surface 
tissue was also reduced post-weaning. Our dynamic histomorphometry results indicate 
pervasive new bone formation on the trabecular surfaces following weaning. Thus, the 
reduced modulus and hardness of the surface regions was likely due to incomplete 
mineralization of the newly formed bone tissue. 
 This study performs a robust comparison of the effects of pregnancy, lactation, 
and weaning on trabecular bone microstructure and mechanics at two distinct skeletal 
sites, which play variable roles in the skeleton's load-bearing and metabolic functions. 
However, this study has several limitations. Most notably, this was designed as a 
characteristic study, providing a reference for the differential effects of reproductive bone 
loss/recovery at different skeletal sites. Further studies will be required to investigate the 
mechanisms behind the varying patterns of reproduction-induced bone changes observed 
at the proximal tibia vs. the lumbar vertebra. In addition, this study is limited in its use of 
the rat as an animal model. In particular, as a result of rats' quadrupedal motion, the 
lumbar vertebrae of the rat may not undergo the same loading patterns as the human 
lumbar spine. However, comparison of the trabecular load-share fractions measured here 
to clinical studies indicates a similar distribution of load between the trabecular and 
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cortical compartments in both the rat and human spines (24-26). Furthermore, by 
thoroughly evaluating the loading patterns in the quadruped spine, Smit et al. 
demonstrated that, in spite of their positioning, the quadruped vertebrae are loaded axially 
as a result of the forces exerted by muscles and ligaments, with similar or possibly even 
higher magnitude forces than those applied to the human spine (46).  
Finally, the Lactation and 2-Week Post-Weaning groups in this study underwent 2 
weeks of lactation, while the 6-Week Post-Weaning group was allowed to lactate for a 
total of 3 weeks before being weaned. This may have resulted in greater deterioration of 
trabecular bone structure in the 6-Week Post-Weaning group during its lactation phase. 
During the third week of lactation, however, rat pups begin to eat solid food, resulting in 
a decreased suckling intensity, and our previous longitudinal study in rats (reported in 
Chapter 3) indicates a substantially reduced rate of trabecular bone loss at the proximal 
tibia after week 2 of lactation, thus we do not expect the additional week of lactation in 
the 6-Week Post-Weaning group to significantly impact the results reported here.  
 In summary, this study provided a thorough characterization of the effects of 
pregnancy, lactation, and weaning on trabecular microstructure and FEA-derived whole-
bone stiffness at two distinct trabecular compartments. By evaluating changes in the 
proportion of the total load that is borne by the trabecular compartment at both the 
proximal tibia and lumbar vertebra, and correlating these changes to reproduction-
induced changes in bone quality, this study provides important insight into the relative 
roles of the skeleton in providing mechanical support and in serving as a mineral 
reservoir to maintain homeostasis during periods of high metabolic demand. The 
differential effects of reproduction on trabecular bone sites with different relative roles in 
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load-bearing, may in part explain the paradox that pregnancy and lactation result in 
dramatic maternal bone loss, which is incompletely recovered post-weaning, without 
adversely affecting postmenopausal fracture risk. 
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CHAPTER 5: EFFECTS OF REPRODUCTION ON SEXUAL DIMORPHISMS IN 
RAT BONE MECHANICS 
A. Introduction 
 Osteoporosis most commonly occurs in women after menopause. Although as 
many as 2.8 million men in the United States have osteoporosis, the prevalence of 
osteoporosis in women over age 65 is at least 6 times greater than that of men in the same 
age group (1). This is largely due to the increased rate of bone remodeling that takes 
place as a result of the drop in estrogen levels that occurs during menopause, leading to 
rapid bone loss. However, another important determinant of osteoporosis risk is the peak 
bone mass that is attained during young adulthood. In particular, studies have shown that 
the variance in the bone mass and structure developed early in life is ~10 times greater 
than the variance in the rate of bone loss occurring in old age (2,3). Furthermore, when 
longitudinal measurements are made at multiple stages of development or aging, the bone 
mass of an individual relative to an age- and sex-matched population remains highly 
consistent (4,5), suggesting that individuals with a  higher bone mass at young adulthood 
are less likely to develop osteoporosis later in life. In addition to sex-based differences 
directly related to menopause, men and women also attain different peak bone masses, 
which may also play a role in the sexual dimorphism of osteoporosis risk. For instance, 
men generally develop larger, more robust bones than women (3,6-9). However, when 
normalized by muscle size, multiple studies have indicated that females tend to have 
greater bone mass for a given muscle size than males (10-13).  
 In addition to postmenopausal bone loss, women also undergo substantial skeletal 
changes as a result of pregnancy and lactation. Reproduction has been shown to cause 
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significant maternal bone loss, which, despite an anabolic post-weaning period (14-25), 
has been shown to result in permanent alterations in maternal bone mass and structure 
(14,19,21,26-31). However, despite the substantial impact of reproduction on maternal 
bone structure and mechanics, the effect of reproductive bone loss and recovery on the 
peak bone mass that is attained as well as its impact on skeletal sexual dimorphisms 
remain unknown. 
 The goal of this study was to explore the impact of reproduction on skeletal 
sexual dimorphisms in a rat model. As a way to explain the paradox that pregnancy and 
lactation induce permanent alterations in maternal bone while minimally affecting the 
risk of postmenopausal fracture/osteoporosis, we hypothesized that, prior to the onset of 
reproduction, females have more bone than needed in order to form a "buffer" for future 
bone loss that may occur as a result of pregnancy and lactation. We also expected that, 
since males do not undergo pregnancy and lactation, they do not need this additional 
"buffer" and should undergo minimal changes in bone structure throughout their adult 
life. Therefore, we aimed to investigate the impact of sex as well as reproductive history 
on the structural and mechanical indices of rodent bone at multiple skeletal sites and at 
three different ages.  
B. Methods 
B.1 Animal protocol 
 All animal experiments were approved by the University of Pennsylvania’s 
Institutional Animal Care and Use Committee. Experiments were performed for three age 
groups of Sprague Dawley rats that were purchased from Charles River (Wilmington, 




For the pre-pubertal groups, a total of 12 1-month-old rats were used: males (n=6) 
and females (n=6). One month of age in a rat model has been shown to correspond to the 
human pre-pubertal phase (32).   
For the adult groups at age 6 months, a total of 21 rats were assigned to three 
groups: reproductive female (n=6), virgin female (n=6), and male (n=9). Reproductive 
female rats were mated at age 3.5 months, became pregnant, and were allowed to lactate 
for 3 weeks and recover for 6 weeks post-weaning. All rats were euthanized at age 6 
months. 
 For the adult groups at age 15 months, a total of 33 rats were assigned to 3 
groups: reproductive female (n=12), virgin female (n=12), and male (n=9). Starting at age 
4-5 months, reproductive female rats underwent 3 repeated reproductive cycles, each 
consisting of a 3-week pregnancy, 3-week lactation, and 3-6 weeks of post-weaning 
recovery. 2 reproductive rats failed to become pregnant during the first reproductive 
cycle, 3 rats died prior to the end of the experiment, and 2 rats developed a mammary 
tumor, resulting in a final sample size of n=7 reproductive females, n=10 virgin females, 
and n=9 male rats. All rats were euthanized at age 14-19 months (at least 3 months after 
the end of the last reproductive cycle for the reproductive females), with an average age 
of ~15 months. 
The right tibiae, L2 and L4 vertebrae, and right femurs were dissected 
immediately after sacrifice. Following harvest, the tibiae and L4 were stored in 70% 
ethanol, while the femurs and L2 were wrapped in PBS-soaked gauze and frozen at -20 
degrees C. All rats were weighed immediately prior to sacrifice to determine total body 
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weight. Gastrocnemius muscles and abdominal fat pads were isolated and weighed for 
pre-pubertal and 15-month-old adult rats to further evaluate body composition (muscles 
and fat pads were not isolated for 6-month-old adults).  
B.2 µCT scans 
 The right proximal tibia, right femur midshaft, and L4 vertebral body were 
scanned by µCT (Scanco vivaCT40, Scanco Medical AG, Brüttisellen, Switzerland) to 
evaluate bone microstructure. All scans were made at 10.5 µm resolution, with 145 µA 
current, 55 kVp energy, and 200 ms integration time. For the tibia, a 4.0 mm region 
located immediately distal to the proximal tibial growth plate was scanned; for the femur, 
a 2.0 mm region of the midshaft (located at the midpoint between the end of the distal 
epiphysis and the bottom of the femoral head) was acquired; and for the L4 vertebra, a 
6.0 mm region located at the center of the vertebral body was scanned. 
B.3 Trabecular and cortical microstructural analyses 
 Trabecular bone microarchitecture was evaluated at the proximal tibia and in the 
L4 vertebral body. For each rat, a 150-slice-thick volume of interest (VOI) was identified 
in the proximal tibia, located 2.5 mm distal to the proximal growth plate, and a VOI was 
identified at the center of the L4 vertebral body, located at the midpoint between the two 
endplates. The thickness of the vertebral VOI was chosen so that it occupied the center 
1/3 of the vertebral body: in pre-pubertal rats, the VOI was 130 slices thick, whereas in 
adult rats, the VOI was 200 slices thick. Trabecular VOIs at the tibia and L4 vertebra 
were manually identified to include the entire trabecular compartment and exclude all 
cortical bone. Within each VOI, the µCT images were Gaussian filtered (sigma=1.2, 





 for adult rats and 350 mg HA/cm
3
 for pre-pubertal rats. All thresholds were 
determined using an adaptive threshold function provided by the µCT scanner software. 
Different thresholds were used for adult and pre-pubertal rats due to differences in the 
degree of mineralization of bone. Within each VOI, trabecular bone structure was 
quantified through measurement of the bone volume fraction (BV/TV), trabecular 
number (Tb.N), thickness (Tb.Th), and spacing (Tb.Sp), structure model index (SMI), 
and connectivity density (Conn.D) (33).  
 Cortical bone structure was quantified at the femur midshaft by isolating a 50-
slice-thick cortical bone VOI, located at the center of the femur (midway between the 
bottom of the femoral head and the end of the distal epiphysis) through a semi-
automated, edge-detection-based contouring method provided by the µCT manufacturer. 
Bone voxels were identified through application of a Gaussian filter (sigma=1.2, 
support=2), followed by a global threshold corresponding to 772 mg HA/cm
3
 for adult 
rats, and 540 mg HA/cm
3
 for pre-pubertal rats. Cortical area (Ct.Area), cortical thickness 
(Ct.Th; measured using surface triangulation), polar moment of inertia (pMOI), tissue 
mineral density (TMD), periosteal perimeter (P.Perim), and endosteal perimeter 
(E.Perim) were evaluated within the VOI. 
B.4 Mechanical testing of the femur and L2 vertebra 
 Right femurs were thawed, cleaned of soft tissue, and, after µCT imaging (see 
Section B.2), were positioned on a mechanical testing device (Instron 5542, Norwood, 
MA) such that the fulcrum of the test fixture was located at the midpoint of the femur, 
and the bottom supports had a span of 1.0 cm. Femurs were then bent to failure at a 
displacement rate of 1.8 mm/minute. Peak load, whole-bone stiffness, and energy to 
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failure were determined based on the resulting load-displacement curves. Intrinsic 
mechanical properties, including ultimate stress, elastic modulus, and toughness, were 
estimated by combining the mechanical testing data and µCT-derived cortical bone 
structural parameters, as described in (34). 
 L2 vertebrae were thawed and cleaned of soft tissue. The center 2 mm of the 
vertebral body was imaged by µCT at 20 µm resolution, and total cross-sectional area 
(CSA; including both bone tissue and marrow) was estimated based on the average area 
of the vertebral body in the center 30 slices of the µCT image. Vertebrae were then 
prepared for uniaxial compression testing, through a procedure modified from (35). 
Briefly, the processes were removed and two parallel cuts were made at the cranial and 
caudal ends of the vertebral body using a low-speed diamond saw (Isomet, Buehler, Lake 
Bluff, IL), to isolate a section of the center 60% of the vertebral body. The vertebral body 
was then positioned between two parallel platens within the mechanical testing device 
(Instron 5542). Samples were tested using a ramp to failure at a displacement rate of 1.8 
mm/minute. Peak load, stiffness, and energy to failure were measured based on the 
resulting force-displacement curves. The extrinsic properties were normalized by 
specimen height and µCT-derived CSA to derive apparent-level properties, as described 
in (36).  
B.5 Statistics 
 All results are presented as mean ± standard deviation (SD). For adult rats, 
comparisons among groups (virgin female, reproductive female, and male) were made 
using 1-way ANOVA, with Bonferroni post hoc corrections. Comparisons between male 
and female pre-pubertal rats were made using Student's t-tests. Differences were 
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considered significant when p<0.05. 
C. Results 
C.1 Trabecular bone microstructure  
C.1.1 Pre-pubertal rats 
 At 1 month of age, female and male rats showed an average BV/TV of 0.10 and 
0.07, respectively, at the proximal tibia (Figure 5-1) and 0.21 and 0.20, respectively, at 
the L4 vertebra (Figure 5-2). At the tibia, males had moderate, 27% lower BV/TV than 
females, as well as 18% greater Tb.Sp and 40% lower Conn.D. The L4 vertebra showed 
minimal sex-based differences at age 1 month, with the exception of 6% lower Tb.N and 
8% greater Tb.Sp in males than females. 
C.1.2 6-month-old adult rats 
 By age 6 months, rats showed substantial sex- and reproductive history-based 
differences in trabecular microstructure at both sites investigated (Figures 5-1 and 5-2). 
At the tibia, virgin female rats had a BV/TV of 0.30, while that of male and reproductive 
female rats was significantly lower, at 0.13 and 0.18, respectively. Additionally, male rats 
had dramatically 52% lower Tb.N, 126% greater Tb.Sp, 1.03 greater SMI, and 74% 
lower Conn.D than virgin females, and reproductive females had 32% lower Tb.N, 0.86 
greater SMI, and 57% lower Conn.D than virgins. Trabecular structure was highly similar 
between male and reproductive female rats, except that reproductive females had 43% 
greater Tb.N and 30% lower Tb.Sp than males.  
 At the L4 vertebra, 6-month-old virgin female rats had a BV/TV of 0.31, while 
males and reproductive females had a significantly lower BV/TV of 0.22 and 0.25, 
respectively. Furthermore, males had 19% lower Tb.N, 31% greater Tb.Sp, and 0.91 
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greater SMI than virgin females, while reproductive females had 0.73 greater SMI than 
virgins. There were no differences between male and reproductive female rats in any 
microstructural parameters at L4. 
C.1.3 15-month-old adult rats 
 At age 15 months, sex- and reproductive history-based differences in trabecular 
microstructure followed similar patterns to those found at age 6 months (Figures 5-1 and 
5-2): At the tibia, male and reproductive female rats showed 42-53% lower BV/TV, 45-
47% lower Tb.N, 77-124% greater Tb.Sp, and 75-76% lower Conn.D than virgin 
females. Similarly, at L4, males and reproductive females had 31-36% lower BV/TV, 24-
25% lower Tb.N, 35-38% greater Tb.Sp, 0.73-1.06 greater SMI, and 34-41% lower 
Conn.D, as compared to virgin females. However, in contrast to younger rats, which 
showed no differences among groups in Tb.Th, 15-month-old males and reproductive 
females both had 17-18% greater Tb.Th at the tibia than virgin females. At both sites, 
there were no differences in trabecular microstructure between 15-month-old male and 






Figure 5-1. (A) Representative renderings of tibial trabecular bone of 6-month-old rats. 
(B-G) Comparisons among virgin female, reproductive female, and male rats in (B) 
BV/TV, (C) Tb.N, (D) Tb.Th, (E) Tb.Sp, (F) SMI, and (G) Conn.D at the proximal tibia. 
* indicate significant differences among groups at a given age (p<0.05). 
 
 
Figure 5-2. (A) Representative renderings of trabecular bone at the 4th lumbar vertebra 
(L4) of 6-month-old rats. (B-G) Comparisons among virgin female, reproductive female, 
and male rats in (B) BV/TV, (C) Tb.N, (D) Tb.Th, (E) Tb.Sp, (F) SMI, and (G) Conn.D 
at L4. * indicate significant differences among groups at a given age (p<0.05).  
 
C.2 Vertebral body mechanics  
 At age 1 month, no differences were seen between male and female rats in any 
parameters of L2 mechanics (Figure 5-3). Similar to pre-pubertal rats, 6-month-old rats 
showed no differences among groups in any extrinsic, whole-bone mechanical properties: 
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all three groups had an average peak load, stiffness, and energy to failure of 313-343 N, 
1108-1193 N/mm, and 55-61 mJ, respectively (Figure 5-3 A-C). However, when 
normalized for total cross-sectional area (Figure 5-3 E-G), important sex-based 
differences were detected, as the apparent-level ultimate stress, elastic modulus, and 
toughness were 25%, 13%, and 29% lower, respectively, in male rats than in virgin 
females. Moreover, the apparent-level ultimate stress and elastic modulus were 22% and 
14% lower, respectively, in male rats than in reproductive females. No differences were 
seen between the two female groups in vertebral body apparent-level properties.  
 By age 15 months, female rats appeared to have undergone minor deteriorations 
in vertebral mechanics, as 15-month-old males showed 47-68% greater energy to failure 
than both groups of females. Similarly, the advantages in apparent-level mechanical 
properties of both virgin and reproductive female rats over male rats in the 6-month age 
group disappeared in the 15-month age group.  
 
Figure 5-3. Differences among virgin female, reproductive female, and male rats in 
vertebra mechanics as measured through uniaxial compression testing. (A-C) Extrinsic 
mechanical properties, including (A) peak load, (B) stiffness, and (C) energy to failure. 
(D-G) Vertebral body apparent-level properties, derived by normalizing extrinsic 
properties by (D) total cross-sectional area, including: apparent (E) ultimate stress, (F) 
elastic modulus, and (G) toughness. * indicate significant differences among groups at a 
given age (p<0.05). 
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C.3 Cortical bone structure and mechanics  
C.3.1 Pre-pubertal rats 
 At age 1 month, males had 11%, 5%, and 7% greater pMOI, P.Perim and 
E.Perim, respectively, than virgin females at the femur midshaft (Figure 5-4). 3-point 
bending indicated reduced whole-bone as well as intrinsic mechanical properties in 1-
month-old male femurs, as males had 15% and 23% lower peak load and stiffness, 
respectively, in addition to 23% and 35% lower ultimate stress and elastic modulus, than 
females (Figure 5-4). 
C.3.2 6-month-old adult rats 
 6-month-old male rats had 72-136% greater pMOI and 26-44% greater Ct.Area 
than virgin and reproductive females, in addition to 10-13%, 15-26%, and 17-35% 
greater Ct.Th, P.Perim, and E.Perim (Figure 5-4 A-F). Meanwhile, males had 2-3% lower 
TMD than virgin and reproductive females. Effects of reproductive history on cortical 
bone microstructure were mild compared to sex differences: reproductive females had a 
13% lower Ct.Area, and 8% lower P.Perim than virgin females, with no other 
reproductive history-based differences in cortical bone structure. 
 Sex and reproductive history differentially affected femur mechanics (Figure 5-4 
G-L). 6-month-old males had 20% greater whole-bone stiffness, but 25% and 27% lower 
ultimate stress and elastic modulus, than virgin females. On the other hand, reproductive 
females had 21% greater whole-bone stiffness, and also had 61% elevated elastic 
modulus, as compared to virgins. 
C.3.3 15-month-old adult rats 
 At age 15 months, parameters of cortical bone structure at the femur midshaft 
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were highly similar to those of 6-month-old rats. 15-month-old males showed 
significantly more robust cortical bone structure, with a lower TMD, as compared to both 
virgin and reproductive females (p<0.05 for all parameters; Figure 5-4 A-F). 
Reproductive history continued to have minimal effects on cortical microstructure at age 
15 months.  
 Sex-based differences in femur mechanics were more pronounced in 15-month-
old rats than younger animals, as 15-month-old males had 35% greater peak load and 
227% greater energy to failure than virgin females (Figure 5-4 G-L). In addition, males 
had 35% and 62% lower ultimate stress and elastic modulus, respectively, but 102% 
greater toughness, than virgin females. The advantages in femur mechanical properties of 
reproductive rats over virgin female rats in the 6-month age group disappeared in the 15-





Figure 5-4. Comparisons among virgin female, reproductive female, and male rats in (A-
F) cortical bone structure at the femur midshaft, including: (A) pMOI, (B) Ct.Area, (C) 
Ct.Th, (D) TMD, (E) P.Perim, and (F) E.Perim; (G-I) whole bone mechanical properties, 
including: (G) peak load, (H) stiffness, and (I) energy to failure. (J-L) Intrinsic 
mechanical properties were derived based on 3-point bending results and µCT-based 
cortical structure: (J) ultimate stress, (K) elastic modulus, and (L) toughness. * indicate 
significant differences among groups at a given age (p<0.05). 
 
C.4 Bone mechanics normalized by body weight 
 As a result of the skeleton's structural role, body weight is an important factor 
determining bone size and strength. To control for sex-based differences in body size, 
vertebral and femur whole-bone mechanical properties were normalized by body weight, 
resulting in substantially altered relationships among the different experimental groups 
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(Table 5-1). At all ages, male rats showed significantly greater body weight than females. 
Differences in body weight were minimal (14%) at age 1 month, while 6-month-old male 
rats weighed 63-77% more than females and 15-month-old male rats weighed 83-87% 
more than females. No differences in weight were found based on reproductive history. 
 When normalized for body weight, male rats had 8-35% lower vertebral cross-
sectional area than virgin females at all ages. At age 1 month, there were no significant 
differences between male and female rats in normalized vertebral whole-bone mechanical 
properties. However, adult rats showed substantial sex-based differences in vertebral 
mechanics after normalizing for weight, with males having 37-44% lower normalized 
peak load and 43-47% lower normalized stiffness than virgins at both 6 and 15 months of 
age. In addition, males also showed 40% lower normalized energy to failure than virgin 
females at age 6 months, but by age 15 months, there were no sex-based differences in 
normalized energy to failure.  
 At the femur, sex-based differences in Ct.Area, peak load, and stiffness were 
reversed when normalized for body weight, with male rats showing 14% and 22% lower 
normalized Ct.Area at ages 1 and 6 months, and 26-33% lower peak load and 26-45% 
lower normalized stiffness at all ages than virgin females. The only parameter that 
remained significantly greater for male rats after normalizing for body weight was energy 
to failure, as 15-month-old males had 71% greater normalized energy to failure than 
virgin females. 
 Reproductive females had similar normalized parameters of bone structure and 
mechanics as virgin females at both sites, with the exception of normalized femoral 
stiffness, as 6-month-old reproductive females had 32% greater stiffness than virgins.
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Table 5-1. Vertebral and femoral mechanical properties normalized by body weight. All measurements shown as mean ± standard 
deviation
 a
: significantly different from virgin female (p<0.05), 
b
: significantly different from reproductive female (p<0.05), 
c
: 
significantly different from male (p<0.05). 

























































































































































































































































































C.5 Femur mechanics normalized by gastrocnemius weight 
 To evaluate the effects of lean mass and muscle size on bone structure and 
strength, femur whole-bone mechanical properties were also normalized by 
gastrocnemius weight for 1-month-old and 15-month-old rats (Table 5-2; muscles not 
harvested for 6-month-old rats). Sex-based differences in whole-bone mechanics 
normalized by gastrocnemius mass were highly consistent with the trends that were found 
when normalizing by total body mass, with male rats showing lower normalized peak 
load and stiffness than virgin females at both 1 and 15 months of age, while males 
continued to have elevated energy to failure in the 15-month-old age group.  
Table 5-2. Femoral mechanical properties normalized by gastrocnemius weight for 1-
month-old and 15-month-old rats. All measurements shown as mean ± standard 
deviation. 
a
: significantly different from virgin female (p<0.05), 
b
: significantly different 
from reproductive female (p<0.05), 
c
: significantly different from male (p<0.05). 











































































































 This study indicates substantial differences in rat trabecular and cortical bone 
structure and mechanics based on sex and reproductive history. In general, male and 
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reproductive female rats showed lower trabecular bone volume with reduced trabecular 
number and connectivity, and a more rod-like morphology, relative to virgin females. At 
the femur mid-diaphysis, male rats had greater total cortical bone size and strength than 
both groups of females. However, trends were reversed when cortical parameters were 
normalized for body weight, and female rats showed greater bone strength relative to 
their body weight than males at both the lumbar vertebra and femur midshaft. 
 At both trabecular sites that were assessed (proximal tibia and 4th lumbar 
vertebra) adult virgin female rats had significantly greater BV/TV than males, combined 
with a greater Conn.D and Tb.N, and reduced Tb.Sp. The magnitude of the sexual 
dimorphism varied by skeletal site, with the tibia showing greater differences between 
male and virgin female rats than the vertebra. Furthermore, sex differences appeared 
earlier at the tibia, as 1-month-old females already showed substantially elevated BV/TV 
at this site, whereas differences between male and female bone were minimal at the L4 
vertebra at 1 month of age. To our knowledge, few studies have been carried out directly 
evaluating sexual dimorphisms in rat trabecular bone. However, the variations between 
male and female bone reported here are similar to previous findings reporting baseline 
differences between male and female rats in unloading studies, which found a greater 
BV/TV, Tb.N, Conn.D, and Tb.Th and lower SMI in female 12-week-old Wistar-Han 
rats compared to males (37), and greater BV/TV and Tb.N with reduced Tb.Sp in 6-
month-old female Fischer 344 rats compared to males (38) at the proximal tibia. Studies 
evaluating the effects of sex on mouse trabecular bone have had highly variable findings, 
with some showing higher BV/TV and Tb.N at both the lumbar vertebra and distal femur 
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in male C57BL/6 mice as compared to females (39), while others showed greater BV/TV 
in female BALBc mice compared to males at both the proximal tibia and lumbar vertebra 
(40). Thus, the effects of sex on rodent trabecular bone may be highly species- and strain-
dependent.  
 Clinical studies have also indicated substantial sex-based differences in trabecular 
bone, although results have varied among studies and depending on the skeletal site that 
was assessed. Riggs et al. found significantly greater volumetric bone mineral density 
(vBMD) in young women at the lumbar spine and proximal femur than men (9). 
However, in this same study, sex-based differences at peripheral skeletal sites were less 
clear (9). Another study also indicated site-specific sex-based effects, indicating that 
young women tended to have a greater BMD at the lumbar spine (p=0.063), whereas 
young men showed greater BMD at the proximal femur (p=0.051) (8). In the meantime, a 
QCT-based study found no significant difference between men and women in trabecular 
BMD at the lumbar vertebra (7). However, sample size in this study was small (n=18-
25/group) (7), thus, the statistical power may have been insufficient to detect sex-based 
differences. Recently, high-resolution peripheral quantitative CT (HR-pQCT)-based 
studies found that, in young adults (age 20-29), men had greater BV/TV than women at 
both the distal radius and tibia as well as greater Tb.N at the tibia (41,42). Older adults 
(age 65-79) showed similar trends (42). Thus, the effect of sex on trabecular bone 
parameters in the clinical setting appears to vary based on the skeletal site, with women 
generally showing greater trabecular bone density in the central skeleton, while men 
appear to have better trabecular bone architecture in the peripheral skeleton. However, 
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the reproductive history of women included in these studies was not reported, 
complicating the interpretation of the results relative to the current evaluation. 
 In addition to differences between virgin female and male rats, we also saw 
substantial differences in trabecular microstructure between female rats with and without 
a reproductive history. At both sites assessed, reproductive rats had a lower BV/TV with 
an altered microarchitecture relative to virgins. It is well established that lactation induces 
substantial skeletal deterioration, as the maternal skeleton forms an important source of 
calcium for infant growth (16-19,23-25). However, multiple clinical studies have 
indicated that reproduction does not result in increased risk of osteoporosis or fracture 
post-menopause (18,43-49), leading many to conclude that reproductive bone losses are 
fully recovered after weaning. On the other hand, several rodent and clinical studies have 
indicated that, although the trabecular bone does undergo a period of recovery post-
weaning, the total extent of the recovery is incomplete, resulting in long-term alterations 
(Chapters 3,4)(14,19,21,26-31), consistent with the current finding.  
 Interestingly, our results demonstrate minimal differences in trabecular bone 
structure between male rats and post-reproductive females at both the tibia and L4 
vertebra. This suggests that, prior to reproduction, the adult female rat skeleton may 
contain more trabecular bone than needed in order to ensure that a sufficient quantity of 
trabecular bone remains after reproduction to serve the skeleton's mechanical functions. 
This finding is consistent with studies by the Miller group, who have suggested that the 
incomplete recovery of the trabecular bone after weaning in rats may be the result of 
virgin females starting off with more bone than is mechanically necessary, which 
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compensates for reproductive bone losses (14,30,50). Furthermore, the high degree of 
similarity between male and post-reproductive female bone also suggests that, while 
reproductive bone losses in the trabecular compartment may not be fully recoverable 
post-weaning, reproduction does not appear to put female trabecular bone at a 
disadvantage as compared to that of males. This remained true after both a single 
reproductive cycle (in 6-month-old rats), as well as after 3 repeated cycles of pregnancy 
and lactation (in 15-month-old rats). However, the relevance of these findings to the 
clinical setting remains to be determined, as no clinical studies have yet been performed 
to investigate the effects of reproductive history on sexual skeletal dimorphisms. 
 To evaluate the effects of sex- and reproductive history-based differences in 
trabecular microstructure on bone mechanics, the 2nd lumbar vertebrae were tested in 
compression. Surprisingly, in spite of substantial differences in vertebral body size and 
trabecular microarchitecture, minimal differences were found among groups in whole-
bone, extrinsic mechanical properties. In both pre-pubertal and 6-month-old rats, there 
were no sex-based differences in whole-bone strength, stiffness, or energy to failure. 
Only the 15-month-old female rats showed a reduced energy to failure at L2 compared to 
males, suggesting that female rats may have undergone aging-induced deterioration in 
bone mechanics. This is in contrast to human data, which showed that females had lower 
vertebral peak load than males, with no difference in ultimate stress (51). Our study also 
indicated that reproductive history had  no effect on whole-bone vertebral mechanical 
properties. This finding is consistent with previous studies evaluating the effects of 
reproduction on maternal vertebral strength, which demonstrated complete recovery of 
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vertebral body peak load and stiffness in reproductive rats at 8 weeks post-weaning (52). 
 Taken together, the highly uniform whole-bone mechanical properties at L2, 
combined with the substantial differences among groups in trabecular bone 
microarchitecture, suggest the existence of compensatory mechanisms that allow the 
bone to maintain a constant load-bearing capacity in spite of microstructural variations. 
Our previous study, which longitudinally tracked reproduction-associated changes in 
bone microarchitecture at the proximal tibia, indicated subtle changes in cortical bone 
structure over the course of multiple reproductive cycles, which appeared to compensate 
for trabecular bone loss and allowed post-reproductive rats to maintain a similar FEA-
derived whole-bone stiffness to virgins (Chapter 3). A similar process may occur at the 
vertebra; however, the cross-sectional design of the current study would prevent the 
detection of cortical bone changes of such low magnitude. It is also possible that 
vertebral body size, microarchitecture, and material properties may be coordinated to 
allow for the maintenance of constant whole-bone mechanics. Indeed, we found that 
female, 6-month-old rats had greater apparent-level vertebral body ultimate stress, elastic 
modulus, and toughness than males. These findings are similar to previous studies 
suggesting that, among individuals with different bone properties, structural and material 
properties may covary, allowing different attributes to compensate for each other to 
maintain the skeleton's mechanical function (53,54). However, further studies are 
required to directly measure the effects of reproduction on trabecular bone material 
properties. 
 At the femur midshaft, male rats were found to have larger, stronger bones than 
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both virgin and reproductive females. Multiple clinical and animal studies have 
demonstrated that males, who tend to have larger body size and muscle mass, also have 
larger bones as compared to females (6-9,37,38,51). Effects of reproductive history on 
cortical bone structure and mechanics were less clear. There appeared to be minimal 
negative effects of reproductive history on femoral mechanics in 6-month-old rats, with 
reproductive rats even showing greater whole-bone stiffness and derived elastic modulus 
than virgins at this age. On the other hand, 15-month-old rats showed opposite trends, as 
reproductive females had lower ultimate stress at the femur compared to virgins. Previous 
studies have found a small deficit in femoral peak load in reproductive rats evaluated at 8 
weeks post-weaning with no significant difference between reproductive and nulliparous 
rats in femoral stiffness (52), while a recent microindentation-based evaluation of 
material properties of the mouse femur demonstrated complete recovery of lactation-
induced reductions in elastic modulus after weaning (15). 
 When normalized for body weight, comparisons between male and female rats 
indicate that females may build stronger bones relative to their body size than males. 
Both virgin and reproductive female rats were found to have a greater size, stiffness, and 
strength of the femur midshaft and lumbar vertebra for their size than males. Previous 
studies comparing normalized skeletal parameters between males and females report that 
females tend to have a greater bone size for a given muscle size than males. In particular, 
Wang et al. showed that, when normalized for muscle area, female rats had a greater total 
bone mineral content (BMC), trabecular BMC, and cortical BMC at the lumbar vertebra 
than males (13). Clinically, when Schiessl et al. evaluated the relationship between 
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whole-body BMC and lean mass in children, they found that, after puberty, girls have a 
greater BMC relative to lean mass than boys (12), and, when Ferretti et al. compared 
post-pubertal, pre-menopausal women with men, women were found to have an elevated 
BMC relative to lean mass (11). More recent investigations have confirmed this finding, 
as Ashby et al. also found that at the end of puberty, girls had greater BMC when 
adjusted for lean muscle mass at the whole-body, arm, and lumbar spine, but not at the 
leg (10). On the other hand, another study found that, in male and female military cadets 
matched for height and weight, young men had greater cross-sectional area at the femur, 
lumbar spine, and tibia than women (8). However, in this study, young men were also 
found to have a greater lean muscle mass then women, potentially impacting bone 
structure independent of whole-body mass (8).  
 When comparing femoral and vertebral bone structure and mechanical properties 
normalized for body size between virgin and reproductive females, minimal differences 
were found. In all cases, the mechanical properties in the reproductive females were 
equal to or greater than those of male rats when normalized for their body size, indicating 
no adverse effects of reproduction on bone's mechanical function. Overall, the greater 
bone size, stiffness, and strength in female rats when normalized for body weight appear 
to provide a margin of safety to protect from possible reproduction-associated reductions 
in bone properties. 
 In addition to normalizing for whole-body weight, parameters of femur structure 
and mechanics were also normalized for gastrocnemius muscle mass, resulting in the 
same trends. Further evaluation indicated that the gastrocnemius mass was highly 
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correlated to total body weight (r
2
 = 0.96). In addition, the abdominal fat pads were also 
weighed for the 15-month-old rats (data not shown). Although male rats showed greater 
total abdominal fat pad weight than virgin females, there were no differences in fat pad 
weight based on reproductive history, and, when normalized by total body weight, there 
were no differences among any of the groups, indicating similar body composition 
among all rats. Taken together, these results indicate that, in the rat model, whole-body 
mass appears to be a suitable substitute for muscle mass as a normalization parameter. 
 Although patterns of sexual dimorphisms in both the cortical and trabecular bone 
were highly consistent among the different age groups, 1-month-old rats showed a lower 
degree of sex-based differences in both the trabecular and cortical bone than older 
animals. This may be due to the impact of hormonal changes at puberty. Indeed, clinical 
studies evaluating sexual dimorphisms before and after puberty indicate a lower degree of 
sex-based differences in trabecular and cortical bone structural parameters before puberty 
(55), as well as a similar relationship between whole-body BMC and lean mass in 
younger boys and girls, which diverged after puberty (11,12).   
 This study was not without limitations. Most notably, this study utilizes a rat 
model. Although the rat is a commonly used preclinical model, important differences 
exist between rat and human physiology, most notably in patterns of longitudinal growth, 
as well as in the number of offspring. Thus, further studies are required to evaluate the 
applicability of the current findings to the clinical setting. In addition, although this study 
provides a thorough characterization of reproductive history- and sex-based differences in 
skeletal morphology and mechanics, the precise mechanisms behind these differences, 
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including variations in cell activities and bone remodeling rates, remain to be elucidated.  
 Overall, results from this study demonstrate that virgin female rats have a greater 
quantity of trabecular bone, with greater trabecular number, elevated connectivity, and 
more plate-like morphology, and, relative to their body weight, have a greater cortical 
bone size and greater bone strength than males. Reproduction resulted in a trabecular 
microarchitecture with lower trabecular number and connectivity, and a more rod-like 
morphology, which persisted long after weaning, with minimal effects on cortical bone 
size and with minimal impact on bone mechanics. Interestingly, trabecular bone structure 
in post-reproductive females was highly similar to that of male rats, and, when 
normalized for their body size, the mechanical properties of post-reproductive female 
bone remained greater than those of males. Taken together, these findings indicate that, 
as compared to their male counterparts, reproductive females have no skeletal deficits, in 
spite of persistently altered trabecular microstructure relative to virgin females, which 
suggests that virgin females may start off with more trabecular bone than is mechanically 
necessary in order to compensate for possible future reproductive bone losses. This may 
help to explain the paradox that reproduction induces long-lasting changes in maternal 
bone without increasing post-menopausal risk of fracture. 
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CHAPTER 6: STRUCTURAL CHANGES IN RAT MATERNAL BONE INDUCED 




 Osteoporosis affects 35% of postmenopausal women in the United States, and the 
resulting fractures impact as many as 1.5 million individuals per year (1). Although 
postmenopausal osteoporosis largely arises as a result of elevations in the rate of bone 
remodeling induced by low estrogen levels, the peak bone mass that is achieved prior to 
menopause also plays an important role in subsequent osteoporosis risk (2,3). In addition 
to bone growth during development, many factors, including nutrition, physical activity, 
and medication history, affect peak bone mass and structure, and therefore may impact 
the long-term risk of developing postmenopausal osteoporosis.  
 Importantly, the female skeleton undergoes dramatic structural deterioration 
during pregnancy and lactation (4-8). However, in spite of the impressive period of 
recovery that occurs post-weaning (9-13), the long-term effects of reproduction on 
maternal bone structure remain unclear. Rodent studies demonstrate substantial 
microstructural impairments at several skeletal sites that remain long after weaning 
(Chapters 3-5)(10,14,15). Clinically, most studies indicate that BMD recovers within one 
year of weaning (16). However, more recent clinical evaluations of recovery of the 
trabecular microarchitecture have been less clear, with one group reporting recovery of 
all microstructural parameters at the distal tibia except Tb.Th (which remained reduced) 
by 18 months post-partum (17), while another group showed that at 3.6 years post-
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partum, Tb.N and BV/TV remained lower than baseline, while Tb.Th and Tb.Sp 
remained elevated (18). On the other hand, a large number of epidemiological studies 
indicate that reproductive history has no detrimental effect on postmenopausal fracture 
risk (16).  
Taken together, the current literature suggests that reproduction induces 
permanent alterations in maternal trabecular microstructure, but does not have a negative 
effect on postmenopausal BMD or fracture risk, forming a paradox. Our previous study 
indicated that cortical bone adaptations during reproduction and post-weaning may be 
able to compensate for the incomplete recovery of trabecular bone loss, allowing the 
mechanical function of the bone to be maintained despite permanent deficits in trabecular 
microarchitecture (Chapter 3). Adaptations of cortical bone may also explain the 
complete post-weaning recovery of BMD that is reported clinically, as DXA-derived 
BMD is unable to distinguish between the trabecular and cortical compartments. Thus, 
increases in cortical bone size may mask permanent alterations in trabecular 
microstructure. Our subsequent investigations elucidated several additional compensatory 
mechanisms that allow for the maintenance of skeletal mechanical integrity despite 
significant and irreversible reproductive bone loss. Namely, trabecular bone appears to 
undergo a variable extent of reproductive bone loss/recovery at different skeletal sites, 
depending on its mechanical vs. metabolic function (Chapter 4), and virgin females 
appear to start off with a greater density of trabecular bone, relative to their male 
counterparts, which may help offset the effects of reproductive bone loss (Chapter 5).  
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However, postmenopausal bone loss further impacts both trabecular and cortical 
structure, and the effects of the reproduction-induced alterations in skeletal 
microarchitecture and loading distribution on postmenopausal bone loss patterns remain 
unknown. Thus, the compensatory mechanisms identified thus far do not fully explain the 
lack of negative effects of reproductive history on postmenopausal fracture risk. The 
current study aimed to explain this phenomenon by using a rat model to track the changes 
in bone structure following ovariectomy (OVX) surgery in animals with and without a 
reproductive history. We hypothesized that long-term, reproduction-induced alterations in 
bone structure and biology may result in distinct patterns of estrogen-deficiency-induced 
bone loss. Overall, our findings indicate that rats with a reproductive history undergo a 
slower rate of post-OVX trabecular bone loss, which is likely due to the baseline 
differences in microarchitecture caused by reproduction. As a result, although 
reproductive and virgin rats showed substantial differences in phenotype at the tibia prior 
to OVX, by 12 weeks post-OVX, there were minimal remaining differences in bone 
structure or mechanics based on reproductive history. 
B. Methods 
B.1 Animal protocol 
 All animal procedures were approved by the University of Pennsylvania's 
Institutional Animal Care and Use Committee. Three separate sets of animal experiments 
were performed in rats with and without a history of reproduction: 1.) to track 
longitudinal changes in bone structure at the proximal tibia post-OVX, 2.) to quantify cell 
activities following OVX, and 3.) to compare the effects of OVX on bone structure and 
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mechanics at multiple skeletal sites. All rats were purchased from Charles River at 3 
months of age, and were randomly assigned to one of two groups: reproductive and 
virgin. Starting at age 4 months (after 1 month of acclimation to the vivarium), rats in the 
reproductive group underwent three reproductive cycles, each consisting of pregnancy (3 
weeks), lactation (3 weeks), and post-weaning recovery (3-6 weeks). Litter sizes were 
normalized to 8-9 pups per mother within the first 48 hours after birth, in order to ensure 
consistent suckling intensity. All rats were fed a high calcium diet (LabDiet 5001 Rodent 
Diet, LabDiet, St. Louis, MO, USA; 0.95% Ca) throughout the experiment. Rats were 
housed in standard conditions in groups of 3 rats per cage throughout the experiment, 
with two exceptions: reproductive rats were separated to 1 rat per cage during the last 
week of pregnancy and remained separated throughout the lactation period, and all rats 
were separated to 1 rat per cage for the first two weeks following OVX surgery. 
B.1.1 Study design: longitudinal tracking of post-OVX changes at the proximal tibia 
 Twenty-four rats (12 reproductive, 12 virgin) were selected for this experiment. 
At age 12 months, after 3 repeated cycles of pregnancy and lactation in the reproductive 
group, rats underwent ovariectomy (OVX) surgery to induce estrogen deficiency. Rats 
received in vivo µCT scans of the proximal tibia immediately prior to OVX, as well as 4, 
8, and 12 weeks post-OVX, and all rats were euthanized at 12 weeks post-OVX (age 15 
months). The uterus was collected and weighed immediately post-sacrifice to confirm the 
success of OVX surgery. One rat died during the pre-OVX µCT scan, 4 rats died from 
complications of OVX surgery, and 2 OVX surgical procedures were deemed 
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unsuccessful (based on uterus weight), resulting in a final sample size of n=9 in the 
reproductive group, and n=8 in the virgin group. 
B.1.2 Study design: evaluation of cell activities post-OVX 
 Eighteen rats (10 reproductive, 8 virgin) were selected for this experiment. At age 
12 months, after 3 repeated cycles of pregnancy and lactation in the reproductive group, 
rats underwent OVX surgery. One rat died from surgical complications, resulting in a 
final sample size of n=9 in the reproductive group, and n=8 in the virgin group. At 4 
weeks post-OVX, all rats were euthanized. Serum was collected through the tail vein 
immediately prior to OVX surgery, and 1 and 3 weeks post-surgery. Serum was also 
collected immediately after sacrifice through cardiac puncture. In addition, age-matched 
reproductive (n=8) and virgin (n=10), intact rats, who did not receive OVX surgery, were 
used as an estrogen-replete control group. For all rats, the right proximal tibiae were 
harvested immediately after sacrifice, and were stored in 70% ethanol in preparation for 
methyl methacrylate (MMA) embedding. To confirm success of the OVX surgery, the 
uterus was collected and weighed at sacrifice, and all rats received in vivo µCT scans of 
the proximal tibia immediately prior to, and 4 weeks post-OVX.   
B.1.3 Study design: cross-sectional comparison of the effects of OVX and reproductive 
history on bone structure and mechanics at multiple skeletal sites 
 Reproductive and virgin post-OVX rats described in Section B.1.1 were used for 
this portion of the experiment. In addition, age-matched reproductive (n=8) and virgin 
(n=10), intact rats, who did not receive OVX surgery, were used as an estrogen-replete 
control group. All rats were sacrificed at age 15-19 months, and the right femur and the 
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second and fourth lumbar vertebrae (L2 and L4), were collected immediately after 
sacrifice. Femurs and L2 were wrapped in saline-soaked gauze and were frozen at -20 
degrees C, and L4 were stored in 70% ethanol.  
B.2 µCT scans 
 The right proximal tibiae of all rats described in Section B.1.1 were imaged using 
in vivo µCT at 0, 4, 8, and 12 weeks post-OVX, following the protocol described in (19). 
Briefly, rats were anesthetized (4/2% isoflurane), and the right tibia was inserted into a 
customized holder to ensure minimal motion. A 4.2 mm thick segment of the proximal 
tibia, located immediately distal to the proximal growth plate, was then imaged at 10.5 
µm voxel size (Scanco vivaCT40, Scanco Medical AG, Brüttisellen, Switzerland), 
resulting in a radiation dose of 0.639 Gy and a total scan time of 20 minutes.  
 In addition to in vivo scans, the right femur midshaft and vertebral body of L4 of 
the rats described in Section B.1.3 were imaged after sacrifice. A 2.1 mm thick section of 
the femur midshaft (located at the midpoint between the end of the distal epiphysis and 
the bottom of the femoral head), and a 6.3 mm thick section of the center of the L4 
vertebral body, were acquired at 10.5 µm voxel size (Scanco vivaCT40, Scanco Medical 
AG, Brüttisellen, Switzerland). All scans were made using 200 ms integration time, 145 
µA current, and 55 kVp energy. 
B.3 Identification of trabecular volume of interest (VOI) 
 In order to identify a consistent volume of interest (VOI) to quantify changes in 
trabecular microstructure within the sequential in vivo µCT images of the proximal tibia, 
image registration was performed. Using a mutual-information-based, landmark-
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initialized, open-source registration toolkit (National Library of Medicine Insight 
Segmentation and Registration Toolkit), in vivo µCT images made for each rat at 0, 4, 8, 
and 12 weeks post-OVX were aligned to each other. As described in (19), a 1.5-mm 
thick, trabecular VOI, located 2.5 mm distal to the growthplate, was identified in the 
week 12 scan, and translated back to all earlier scans using the transformation matrices 
that resulted from the registrations. All VOIs were visually inspected to ensure accurate 
identification of a consistent trabecular region. To compare differences in trabecular 
microstructure among groups at the L4 vertebra, a VOI was manually identified to 
include all trabecular bone and exclude the cortex in the center 2 mm of the L4 vertebral 
body.  
B.4 Trabecular microstructural analysis 
 Standard parameters of trabecular bone microstructure (20) were measured within 
each trabecular VOI. Briefly, images of trabecular bone were filtered and thresholded 
through application of a Gaussian filter (sigma=1.2, support=2), followed by a global 
threshold corresponding to 565 mgHA/cm
3
 (threshold identified using an adaptive 
threshold function provided by the µCT scanner manufacturer). Trabecular 
microstructure was then quantified based on standard parameters: bone volume fraction 
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing 
(Tb.Sp), structure model index (SMI), and connectivity density (Conn.D).  
B.5 Trabecular dynamics analysis 
 µCT images made at weeks 0 and 4 post-OVX were used to assess the effects of 
reproductive history on the structural deterioration and repair of individual trabeculae 
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post-OVX. For each rat, images acquired 0 and 4 weeks post-OVX were registered, as 
described in Section B.3. Following this registration, a 1.5x1.5x1 mm trabecular 
subvolume located 1 mm distal to the growth plate was extracted from the two images, 
which underwent a final registration to ensure an optimized alignment of trabeculae 
within the subvolume, as described in Chapter 2. To minimize interpolation bias induced 
by the image transformation, both images were rotated through the same angle using the 
matched-angle transformation (MAT) scheme developed in Chapter 2. The registered 
images were then filtered (Gaussian filter, sigma=1.2, support=2) and thresholded using a 
global threshold corresponding to 565 mgHA/cm
3
.  
 Based on the resulting, precisely registered subvolumes, the structural 
deterioration and repair of individual trabeculae occurring post-OVX were quantified 
through an individual trabecular dynamics (ITD) analysis, described in (21). In short, 
individual trabecular segmentation (ITS) analysis was applied to isolate individual 
trabecular rods and plates within each subvolume, and the two registered subvolumes 
were compared to identify incidences of rod disconnection, plate perforation, rod 
connection, and plate perforation filling (21). In addition, the baseline characteristics of 
trabeculae undergoing structural deterioration post-OVX were compared with those of 
trabeculae that maintained their connectivity in order to more closely evaluate the effects 
of baseline microarchitecture on post-OVX bone loss.  
B.6 Cortical bone analysis 
 Post-OVX changes in cortical bone microstructure were evaluated using in vivo 
µCT images of the proximal tibia, and cross-sectional comparisons of cortical bone 
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structure between virgin and reproductive rats with and without OVX were made using 
ex vivo µCT images of the femur midshaft. At the proximal tibia, a 50-slice thick cortical 
VOI located 3.5 mm distal to the growthplate was identified using a semi-automated 
segmentation procedure similar to that described in (22), and at the femur midshaft, a 50-
slice thick cortical VOI was identified at the midpoint between the distal epiphysis and 
femoral head using a semi-automated, edge-detection algorithm provided by the µCT 
manufacturer (Scanco Medical). Voxels within the cortical VOI were then filtered 
(Gaussian filter, sigma=1.2, support=2), and thresholded by application of a global 
threshold corresponding to 709 mgHA/cm
3
 for the proximal tibia and 772 mgHA/cm
3
 for 
the femur midshaft (selected using a manufacturer-provided, adaptive threshold 
function). Standard parameters of cortical bone microstructure, including polar moment 
of inertia (pMOI), cortical area (Ct.Area), cortical thickness (Ct.Th), endosteal perimeter 
(E.Perim), and periosteal perimeter (P.Perim), in addition to tissue mineral density 
(TMD), were measured. 
B.7 Micro-finite element analysis (µFEA) 
 Effects of post-OVX changes in trabecular and cortical structure on whole-bone 
stiffness were estimated at the proximal tibia using micro-finite element analysis (µFEA). 
Briefly, a 1.5 mm-thick region of the proximal tibia, located 2.5 mm distal to the growth 
plate, was isolated. Images were downsampled to a voxel size of 15.75 µm, and were 
Gaussian filtered (sigma=1.2, support=2), and thresholded using a global threshold 
corresponding to 565 mgHA/cm
3
. To construct a finite element model, each bone voxel 
was converted to an eight-node brick element, and bone was modeled as a linear elastic 
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material with Young's modulus of 15 GPa and Poisson's ratio of 0.3 (23). An axial 
compression was simulated by applying a displacement of 0.01 mm, and the resulting 
reaction force was calculated as described in (24). The reaction force was then divided by 
the displacement to estimate whole-bone stiffness. 
B.8 Static bone histomorphometry 
 Right proximal tibiae from rats described in Section B.1.2 were processed for 
undecalcified histology. Samples were initially stored in 70% ethanol, and were 
subsequently embedded in methyl methacrylate (MMA). A Polycut-S motorized 
microtome (Reichert, Heidelberg, Germany) was used to obtain 5 µm-thick sections. 
Sections were stained with Goldner's trichrome, and osteoblast number (N.Ob/BS), 
osteoclast number (N.Oc/BS), osteoblast surface (Ob.S/BS), and osteoclast surface 
(Oc.S/BS) were measured in the secondary spongiosa using OsteoMeasure Software 
(OsteoMetrics, Inc., Decatur, GA). 
B.9 Serum biochemistry analysis 
 Blood was collected pre-OVX, 1 and 3 weeks post-OVX and at sacrifice for all 
rats sacrificed at 4 weeks post-OVX (Section B.1.2). In addition, blood was also collected 
at sacrifice for all rats sacrificed at 12 weeks post-OVX (Section B.1.1). After collection, 
blood was maintained at room temperature for 30 minutes, and was then placed on ice 
and centrifuged at 200xg for 10 minutes to isolate serum. Serum levels of the bone 
resorption marker tartrate-resistant acid phosphatase (TRAP) were measured using a 
commercially available kit (RatTRAP
TM




B.10 Mechanical testing 
 Effects of reproductive history and OVX status on whole-bone mechanics were 
evaluated at the femur midshaft and L2 vertebra. Both bones were cleaned of soft tissue 
and were tested to failure using a standard mechanical testing device (Instron 5542). 
Femurs scanned by µCT (Section B.2), and were tested in three-point bending, by 
applying a displacement rate of 1.8 mm/minute until failure. L2 vertebrae were imaged 
by µCT at 20 µm resolution to evaluate cross-sectional area (CSA, defined as the average 
total area of the vertebral body within 30 slices centered at the middle of the vertebral 
body). Following µCT imaging, the vertebrae were prepared for uniaxial compression 
testing, using a procedure modified from (25). A section of the center 60% of the 
vertebral body was isolated by removing the processes and making two parallel cuts at 
the cranial and caudal ends of the vertebral body. The resulting specimen was placed 
between two parallel platens and was compressed to failure at a displacement rate of 1.8 
mm/minute.  
 For both the femur and lumbar vertebrae, peak load, stiffness, and energy to 
failure were determined based on the load-displacement curves. In addition, apparent-
level mechanical properties, including ultimate stress, elastic modulus, and toughness 
were estimated by normalizing whole-bone properties by the total CSA at the lumbar 
vertebra (26), and the corresponding intrinsic mechanical properties were estimated at the 




 All results are reported as mean ± standard deviation. Longitudinal comparisons 
of bone parameters pre-OVX and 12 weeks post-OVX at the proximal tibia were made 
using 2-way analysis of variance (ANOVA), to compare the effects of reproductive 
history and weeks post-OVX. Cross-sectional comparisons between rats with and without 
a reproductive history and with and without OVX were also made using 2-way ANOVA. 
In the presence of a statistically significant interaction effect, group-wise comparisons 
were evaluated using Bonferroni post hoc corrections. Comparison of serum TRAP levels 
and ITD-based parameters of trabecular dynamics between rats with and without a 
reproductive history were made using Student's T-tests. For all tests, a two-tailed p-value 
below 0.05 was considered to indicate statistical significance. 
 Correlations between baseline trabecular microstructure and the degree of post-
OVX bone loss were evaluated using linear regression. Subsequently, a stepwise multiple 
linear regression analysis was performed to identify the most important predictors of 
bone loss. To further investigate the effects of baseline trabecular characteristics on post-
OVX bone loss patterns, histograms of the thickness distributions of individual trabecular 
elements were generated for both reproductive and virgin rats. Probability density 
functions were computed based on the mean and standard deviation of the distribution of 




C.1 Longitudinal changes in trabecular microarchitecture at the proximal tibia 
after OVX 
 Prior to OVX, reproductive rats showed an altered trabecular microarchitecture at 
the proximal tibia, relative to virgins (Figure 6-1). Reproductive rats had 49% lower 
BV/TV, 50% lower Tb.N, 127% greater Tb.Sp, and 77% lower Conn.D than virgins, but 
had 13% greater Tb.Th. Over the 12-week post-OVX period, virgin rats underwent 
dramatic 76%, 52%, and 87% reductions in BV/TV, Tb.N, and Conn.D, respectively, 
combined with 178% and 1.47 increases Tb.Sp and SMI. In contrast, reproductive rats 
underwent a substantially lower degree of trabecular deterioration post-OVX, showing 
only a 53% decrease in BV/TV and a trend towards a 0.54 increase in SMI. OVX had no 
effect on Tb.Th in either group. By 12 weeks post-OVX, there were no remaining 
differences between reproductive and virgin rats in BV/TV, Tb.N, and Conn.D. However, 
reproductive rats continued to show a 17% elevated Tb.Th and a 20% elevated Tb.Sp, 




Figure 6-1. (A) Representative 3D renderings illustrating the effects of OVX on 
trabecular bone at the proximal tibia in virgin and post-reproductive rats. (B-G) Post-
OVX changes in trabecular microstructural parameters, including (B) BV/TV, (C) Tb.N, 
(D) Tb.Th, (E) Tb.Sp, (F) SMI and (G) Conn.D. 
#
: significant difference between 
reproductive and virgin rats at week 0 or week 12 post-OVX (p<0.05). *: significant 
change over the 12-week post-OVX period (p<0.05). 
&
: trend towards a change over the 
12-week post-OVX period (p<0.1).  
 
C.2 Longitudinal changes in cortical bone microstructure at the proximal tibia after 
OVX 
 Prior to OVX, reproductive and virgin rats showed substantial differences in 
cortical bone microarchitecture at the proximal tibia (Figure 6-2). Compared to virgins, 
reproductive rats had 22%, 10%, 7%, 8%, and 4% greater pMOI, Ct.Area, Ct.Th, 
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E.Perim, and P.Perim, respectively, indicating a more robust cortical structure. At the 
same time, reproductive rats showed a slight 1.4% lower TMD at the proximal tibia prior 
to OVX. OVX induced no changes in cortical bone structure in both virgin and 
reproductive rats. Thus, at 12 weeks post-OVX, reproductive rats continued to have 22%, 
13%, 12%, 6%, and 3% greater pMOI, Ct.Area, Ct.Th, E.Perim, and P.Perim, 
respectively, as compared to virgins. Virgin rats also showed no change in TMD after 
OVX, while reproductive rats underwent a 1.9% increase in cortical TMD at the proximal 
tibia over the 12-week post-OVX period. By 12 weeks post-OVX, there was no longer 
any difference between reproductive and virgin rats in TMD.  
 
Figure 6-2. Changes in cortical bone microstructure, including (A) pMOI, (B) Ct.Area, 
(C) Ct.Th, (D) TMD, (E) E.Perim, and (F) P.Perim at the proximal tibia over the 12-week 
post-OVX period in virgin and reproductive rats. 
#
: significant difference between 
reproductive and virgin rats at week 0 or week 12 post-OVX (p<0.05). *: significant 
change over the 12-week post-OVX period (p<0.05). 
&
: trend towards difference between 
reproductive and virgin rats at week 0 or week 12 post-OVX (p<0.1).  
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C.3 Post-OVX changes in tibial whole-bone stiffness 
 µFEA indicated an average whole-bone stiffness of 45-50 kN/mm at the proximal 
tibia of virgin and reproductive rats prior to OVX, with no differences between the two 
groups (Figure 6-3). Over the 12-week period following OVX, virgin rats underwent a 
22% decrease in whole-bone stiffness, while reproductive rats showed no change in 
stiffness. As a result of these distinct patterns of post-OVX changes, by 12 weeks after 
OVX, virgin rats had a substantial, 13% lower whole-bone stiffness at the proximal tibia 
as compared to the reproductive group.  
 
Figure 6-3. Post-OVX changes in whole-bone stiffness at the proximal tibia in virgin and 
reproductive rats.  
#
: significant difference between reproductive and virgin rats at week 0 
or week 12 post-OVX (p<0.05). *: significant change over the 12-week post-OVX period 
(p<0.05).  
 
C.4 Effects of reproductive history on post-OVX cell activities and serum TRAP 
 Static bone histomorphometry (Figure 6-4) demonstrated that, overall, rats with a 
reproductive history had 19% greater osteoblast number (N.Ob/BS) at the proximal tibia 
as compared to virgins (p<0.05). However, reproductive history appeared to minimally 
impact the bone cell response to OVX. Regardless of reproductive history, osteoblast 
numbers and surfaces were 29-34% elevated, and osteoclast numbers and surfaces were 
45-52% elevated at 4 weeks post-OVX, as compared to intact controls (p<0.05; Figure 6-
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4 B-E). In addition, evaluation of the interactions between reproductive history and OVX 
status demonstrated that, in both intact and OVX rats, there were no significant 
reproductive-history-based differences in bone cell numbers or surfaces. 
 
Figure 6-4. (A) Representative trichrome-stained images of trabecular bone at the 
proximal tibia. Osteoblast locations are indicated with yellow triangles; osteoclast 
locations are indicated with yellow asterisks. (B-E) Cell activities, including (B) 
N.Ob/BS, (C) N.Oc/BS, (D) Ob.S/BS, and (E) Oc.S/BS at 4 weeks post-OVX and in 
intact rats with and without a reproductive history. *: significant difference between 
intact and OVX groups (p<0.05). 
 Evaluation of serum TRAP levels showed that, prior to OVX, virgin rats had 
120% greater serum TRAP than rats with a reproductive history (Figure 6-5). Both 
groups of rats showed similar changes in serum TRAP following OVX, with an increase 
in serum TRAP at 1 week post-OVX, which then decreased to pre-OVX values by week 
3 post-OVX. At weeks 3 and 4 following OVX, virgin rats showed 79-107% higher 
serum TRAP than reproductive rats. However, evaluation of rats sacrificed at 12 weeks 





Figure 6-5. Levels of serum resorption marker TRAP following OVX surgery in virgin 
(red) and reproductive (black) rats. Longitudinal measurements were made in the same 
rats at 0, 1, 3, and 4 weeks post-OVX (virgin: red circles connected by dotted line; 
reproductive: black squares connected by solid line). In addition, serum TRAP levels 
were evaluated at sacrifice for a separate group of rats euthanized at 12 weeks post-OVX 
(virgin: red diamond, reproductive: black triangle). *: significant difference between 
reproductive and virgin groups (p<0.05).  
C.5 Correlation between baseline trabecular microstructure and post-OVX bone 
loss 
 Linear regression was performed to evaluate the relationship between baseline 
parameters of trabecular microstructure and the extent of post-OVX bone loss (Figure 6-
6). Baseline BV/TV, Tb.N, Tb.Th, Tb.Sp, and Conn.D were all significantly correlated 
with the percent decrease in BV/TV over the 12-week post-OVX period, with r
2
 values 
ranging from 0.32 to 0.60. To evaluate the effect of baseline trabecular surface area (BS) 
and surface area-to-volume ratio (BS/BV), on post-OVX bone loss, BS and BS/BV were 
also correlated to the percent decrease in BV/TV post-OVX, with r
2
 values of 0.22-0.26. 
Stepwise multiple linear regression was performed to further identify which combination 
of baseline trabecular parameters was most predictive of the degree of post-OVX bone 
loss. The combination of baseline Tb.N and Tb.Th was found to be most strongly 
associated with the percent decrease in BV/TV, with an adjusted r
2





Figure 6-6. Linear correlations between baseline parameters of trabecular microstructure, 
including (A) BV/TV, (B) Tb.N, (C) Tb.Th, (D) Tb.Sp, (E) SMI, (F) Conn.D, (G) BS, 
and (H) BS/BV and the percent decrease in BV/TV over the 12-week post-OVX period.  
 
 In addition, the relationships between baseline trabecular microstructure and the 
extent of deterioration of other structural parameters post-OVX (including percent 
changes in Tb.N, Tb.Th, Tb.Sp, SMI, and Conn.D) were also evaluated, indicating 
moderate to strong correlations between baseline parameters and post-OVX 









Table 6-1. Correlation coefficients between baseline trabecular microstructure and the 
percentage change in trabecular parameters following OVX 
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C.6 ITD-based evaluation of post-OVX microstructural deterioration 
 Individual trabecular segmentation indicated a significantly greater number of 
trabecular elements present in the virgin rats as compared to the reproductive group prior 
to OVX (Figure 6-7A), consistent with results of the microstructural analysis. Further 
trabecular dynamics analysis (ITD) indicated that virgin rats underwent a substantially 
higher rate of structural deterioration as compared to the reproductive group over the first 
4 weeks post-OVX (Figure 6-7). Specifically, Virgin rats showed a 179% higher rate of 
rod disconnection, and a 125% greater rate of plate perforation than the reproductive 
group. Both groups showed similar, low rates of rod connection and plate perforation 




Figure 6-7. Structural deterioration and repair post-OVX, as measured through ITD 
analysis. (A) The total number of trabeculae at baseline in virgin and reproductive rats. 
(B-E) Incidence of structural deterioration and repair, including the rate of (B) rod 
disconnection, (C) plate perforation, (D), rod connection, and (E) plate filling. *: 
significant difference between virgin and reproductive groups (p<0.05). 
 
Further evaluation of the baseline characteristics of individual trabecular elements 
indicated that the trabeculae undergoing connectivity deterioration (rod disconnection or 
plate perforation), were significantly less thick than those that remained intact after OVX 
(Figure 6-8A). This was true in both the reproductive and virgin groups. Analysis of the 
histograms indicating the overall distribution of trabecular thicknesses demonstrated a 
greater mean thickness in reproductive rats (0.067 mm vs. 0.055 mm for virgins) as well 
as a greater variance in the thickness of the trabecular elements in the reproductive group, 
as compared to virgins (Figure 6-8B). On the other hand, when the subset of trabeculae 
that underwent connectivity deterioration was isolated for each group, reproductive 
history-based differences in the probability density distribution of trabecular thicknesses 
were effectively eliminated (Figure 6-8C). In addition, the deteriorated trabeculae from 
both groups of rats had a similar mean thickness value of 0.052 mm, which was lower 
than that of the overall population of trabecular elements for each group. Taken together, 
these findings indicate that, regardless of reproductive history, a highly similar 
population of trabeculae underwent structural deterioration after OVX, with trabeculae 
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with a lower baseline thickness appearing to undergo an elevated rate of microstructural 
deterioration in both groups of rats.  
 
Figure 6-8. Effects of baseline trabecular thickness on post-OVX bone loss. (A) Mean 
thickness of trabeculae undergoing connectivity deterioration and of trabeculae whose 
connectivity was preserved post-OVX in virgin and reproductive groups. (B) Probability 
density distribution indicating the overall thickness distribution of all trabeculae in virgin 
and reproductive rats. (C) Probability density distribution indicating the distribution of 
thicknesses of trabeculae that underwent connectivity deterioration following OVX in 
both groups of rats. *: significant difference between groups (p<0.05).  
 
C.7 Effects of reproductive history and OVX on trabecular microarchitecture and 
whole-bone mechanics at the lumbar vertebra 
  All rats showed similar trabecular microarchitecture at the lumbar vertebra, 
regardless of reproductive history or OVX status (Figure 6-9). Specifically, no 
differences were found among the four groups in any microstructural parameters, except 
SMI, which was 0.51 greater in virgin OVX rats than in intact virgins, and was also 0.76 




Figure 6-9. Effects of OVX and reproductive history on trabecular microstructure at the 
lumbar vertebra, including (B) BV/TV, (C) Tb.N, (D) Tb.Th, (E) Tb.Sp, (F) SMI, and 
(G) Conn.D. * indicate significant differences among groups (p<0.05).  
 
 Reproductive history and OVX status also had no effect on whole-bone 
mechanics at the lumbar vertebra, as the peak load, stiffness, and energy to failure were 
not different among groups (Figure 6-10). Interestingly, virgin OVX rats did have 29% 
greater apparent-level elastic modulus than reproductive OVX rats, and tended to have 





Figure 6-10. (A-C) Whole-bone mechanical properties of the lumbar vertebra as a result 
of OVX and reproductive history: (A) peak load, (B) stiffness, (C) energy to failure. (D-
F) Apparent-level mechanical properties of the lumbar vertebra as a result of OVX and 
reproductive history: (D) ultimate stress, (E) elastic modulus, and (F) toughness. * 
indicate significant differences between groups (p<0.05). # indicate trends towards 
differences between groups (p<0.1).  
 
C.8 Effects of reproductive history and OVX on cortical structure and mechanics at 
the femur  
 Reproductive history and OVX status minimally affected cortical bone structure 
and mechanics at the femur midshaft (Figure 6-11). No differences were found among the 
four groups in cortical structure, whole-bone mechanics, or estimated intrinsic 




Figure 6-11. Effects of OVX and reproductive history on (A-F) cortical bone structure, 
(G-I) whole-bone mechanics, and (J-L) estimated intrinsic mechanical properties at the 
femur midshaft. (A) pMOI, (B) Ct.Area, (C) Ct.Th, (D) TMD, (E) E.Perim, (F) P.Perim, 
(G) peak load, (H) stiffness, (I) energy to failure, (J) ultimate stress, (K) elastic modulus, 





 This study evaluated the impact of a history of pregnancy and lactation on post-
OVX bone loss patterns. Taken together, results indicate that, although reproduction 
caused permanent alterations in trabecular and cortical bone microarchitecture, rats with a 
reproductive history also underwent substantially altered patterns of post-OVX bone loss, 
and as a result, by 12 weeks post-OVX, there were no remaining adverse effects of 
reproductive history on bone microstructure at the tibia. Furthermore, our findings also 
suggest that reproductive history-based differences in the rate of post-OVX bone loss 
may be due to alterations in the baseline trabecular microarchitecture, as the rate of post-
OVX bone loss was found to be strongly associated with the baseline Tb.Th and Tb.N. 
 Prior to OVX, reproductive rats had substantially different trabecular as well as 
cortical microarchitecture at the proximal tibia compared to virgins, confirming the long-
lasting effects of reproduction on maternal bone. Consistent with our previous study 
(Chapter 3), BV/TV, Tb.N, and Conn.D were reduced, and Tb.Sp, Tb.Th, pMOI, 
Ct.Area, Ct.Th, E.Perim, and P.Perim were elevated, at the proximal tibia after three 
reproductive cycles. This finding agrees with the previously reported incomplete 
recovery of trabecular microarchitecture following pregnancy/lactation (9,14,15,18,28-
30), and is also consistent with a recent clinical study suggesting that a long duration of 
lactation is associated with long-term elevations in the cross-sectional moment of inertia 
of the tibial cortical bone (31).  
 In addition to differences in bone microarchitecture prior to OVX, rats with and 
without a reproductive history also showed substantial variations in the rate of post-OVX 
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bone loss. While both groups of rats underwent substantial decreases in BV/TV, 
reproductive rats had no significant post-OVX changes in trabecular microarchitecture, 
while virgins showed a dramatic decrease in the number, connectivity, and plate-like 
character of the trabeculae. These findings in virgin rats are highly consistent with 
previous in vivo µCT-based evaluations of post-OVX changes in trabecular bone 
microarchitecture at the rat proximal tibia (32,33). Consistent with changes in bulk 
measures of trabecular microstructure, individual trabecular dynamics analysis also 
indicated a considerably higher rate of structural deterioration (in the form of rod 
disconnection and plate perforation) in virgin rats as compared to the reproductive group 
post-OVX. As a result of the lower degree of post-OVX bone loss in the reproductive 
group, reproductive and virgin rats had a similar trabecular microstructure by 12 weeks 
post-OVX, despite differences between the two groups at baseline. These findings, 
demonstrating altered rates of post-OVX bone loss that resulted in highly similar post-
OVX trabecular microstructure between the two groups, may help, in part, to explain the 
paradox that clinically, reproductive history does not adversely affect postmenopausal 
BMD (16) in spite of its long-lasting skeletal effects (18,28,30). In addition to its effects 
on bone structure/volume, the greater rate of bone loss observed in virgin rats may also 
affect fracture risk directly, as a high rate of bone loss after menopause has been found to 
confer an  equally high risk of future fracture as does a low baseline bone mass (34).  
 In contrast to trabecular bone, both reproductive and virgin rats showed no post-
OVX changes in cortical bone microstructure. By comparison, a previous study tracking 
post-OVX changes at the rat tibial metaphysis indicated increased Ct.Th starting at 14 
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weeks post-OVX (33). However, post-OVX changes in cortical bone structure occur 
much more slowly and take longer to develop than changes in trabecular 
microarchitecture (35), possibly explaining the lack of changes in cortical bone observed 
in the current study, which only followed rats up to 12 weeks post-OVX. Interestingly, 
reproductive history appeared to have a substantial impact on the TMD response to OVX 
at the proximal tibia. Prior to OVX, reproductive rats tended to have a reduced TMD, 
similar to our previous study (Chapter 3). However, following OVX, the cortical TMD 
increased in the reproductive group, while it underwent no change in virgin rats, resulting 
in a highly similar TMD between the virgin and reproductive groups at 12 weeks post-
OVX.  
 Together, the effects of OVX on trabecular and cortical microarchitecture in rats 
with and without a reproductive history led to interesting patterns of post-OVX 
deterioration of whole-bone stiffness. While reproductive rats showed no change in 
whole-bone stiffness following OVX, the stiffness of virgin rat tibiae decreased 
significantly, leading to a significantly reduced stiffness in this group at 12 weeks post-
OVX compared to the reproductive group, despite no difference between the two groups 
at baseline. This suggests that, in virgin rats, the post OVX trabecular deteriorations were 
substantial enough to cause a reduction in stiffness in spite of no change in cortical bone 
structure. On the other hand, the relatively constant whole-bone stiffness in the 
reproductive group post-OVX, in spite of mild reductions in trabecular bone volume, may 
be the result of long-term adaptations in cortical bone microstructure that occurred over 
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the course of multiple reproductive cycles (Chapter 3) that may compensate for 
deteriorations in trabecular microarchitecture. 
 To better understand mechanisms behind the variable rates of post-OVX bone 
loss between reproductive and virgin rats, we evaluated the impact of OVX surgery on 
cell activities at the proximal tibia, and also quantified serum levels of bone resorption 
marker TRAP. Compared to intact rats, all rats at 1 month post-OVX, regardless of 
reproductive history, showed elevations in both osteoblast and osteoclast numbers and 
surface areas at the tibia, indicating minimal differences between rats with and without a 
reproductive history in the bone cell response to OVX.  This suggested that an alternate 
mechanism, beyond differences in osteoblast/osteoclast numbers or surfaces, may be 
responsible for the disparate patterns of post-OVX bone loss that were observed between 
the two groups. On the other hand, virgin rats did show marked elevations in serum 
TRAP levels compared to the reproductive group, both prior to OVX as well as 3 and 4 
weeks after OVX surgery. This finding suggests a greater total number of osteoclasts in 
virgin rats. However, virgin rats also showed a greater bone volume fraction prior to as 
well as 4 weeks post-OVX; thus, differences between the two groups in serum TRAP 
levels are likely due, at least in part, to baseline differences in bone quantity.  
 Minimal reproductive history-based differences in osteoblast and osteoclast 
number and surface percentage suggest the existence of an alternate mechanism behind 
the disparate post-OVX bone loss rates observed between the two groups. One factor 
which may impact the trabecular bone loss rate independently of cell activities is the 
baseline microarchitecture. For instance, modeling-based studies (36,37), as well as a 
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cross-sectional clinical evaluation (38), have suggested that the bone loss rate may be 
affected by the surface area of the bone that is available for osteoblasts/osteoclasts to act 
upon. Consistent with this hypothesis, a recent longitudinal evaluation of perimenopausal 
bone loss patterns found that changes in bone mass and structure at the femoral neck 
varied depending on baseline bone size, with women with a wider femoral neck at 
baseline undergoing a greater postmenopausal reduction in bone mineral content (39). 
This was hypothesized to be due, in part, to differences in the baseline porosity among 
women with different skeletal phenotypes, as greater cortical width was shown to be 
associated with elevated porosity (40), which would allow for a larger surface area upon 
which bone remodeling could take place, possibly resulting in an elevated rate of 
postmenopausal bone loss (39).  
To evaluate the relationship between baseline parameters of trabecular 
microarchitecture and the post-OVX bone loss rate in the current study, a linear 
regression analysis was performed. Although all baseline parameters of trabecular 
microstructure except SMI were significantly correlated to the post-OVX bone loss rate, 
multiple linear regression analysis indicated that trabecular number and thickness were 
the most strongly associated with the rate of bone loss. Contrary to what was expected 
based on previous modeling-based evaluations (36,37), the baseline trabecular surface 
and surface area-to-volume ratio were only modestly correlated to the degree of post-
OVX bone loss, suggesting that the baseline trabecular microarchitecture impacted the 
rate of bone loss independently of its effect on surface area.  
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Several studies have indicated that, in addition to the metabolic bone remodeling 
deficit, where bone loss occurs due to increased activity of osteoclasts relative to 
osteoblasts, another significant contributor to osteoporotic bone loss is microstructural 
deterioration, where perforated trabeculae and separations of trabeculae from the 
surrounding structure lead to accelerated bone loss (41-43). These findings, together with 
our results that the baseline trabecular thickness was inversely correlated to the degree of 
post-OVX bone loss, suggest that a trabecular microstructure consisting of thin trabeculae 
that are easily perforated or separated may contribute to microstructural deterioration, and 
conversely, that thicker trabeculae may be protective against post-OVX bone loss. 
Indeed, further ITD- based investigation into the baseline characteristics of the trabeculae 
in virgin and reproductive rats indicated a substantially different trabecular thickness 
distribution between the two groups, with the reproductive group showing a shift towards 
a greater trabecular thickness than virgins. Intriguingly, the baseline characteristics of the 
trabeculae that underwent microstructural decay were highly similar between the two 
groups, demonstrating that regardless of reproductive history, the same population of 
trabeculae, with a low relative thickness, underwent connectivity deterioration following 
OVX. Thus, the existence of a larger proportion of trabeculae with low thickness in the 
virgin group may help to explain the elevated rate of post-OVX bone loss and 
connectivity deterioration in these rats.  
It is important to note, however, that although our study found that baseline 
trabecular thickness was significantly associated with post-OVX microstructural 
deterioration, this does not imply a causative relationship between these factors. The 
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possibility that reproductive history impacted the post-OVX bone loss rate through an 
alternate mechanism beyond baseline microstructure and cell activities cannot be ruled 
out. To more closely evaluate the precise relationship between baseline trabecular 
microarchitecture and the post-OVX bone loss rate, independent of reproductive history, 
we performed a follow-up study, whereby post-OVX bone loss patterns were tracked in a 
homogeneous group of 62 rats over the first 4 weeks following OVX (44). All rats in this 
study were nulliparous females; thus, this study eliminated any possible confounding 
effects of reproductive history and therefore allowed the effect of baseline trabecular 
microarchitecture on post-OVX bone loss to be evaluated independently. Stepwise 
multiple linear regression indicated that the combination of baseline trabecular thickness 
and connectivity density were the most important predictors of post-OVX bone loss. 
Baseline connectivity density was found to be highly correlated to baseline trabecular 
number; thus, this result is consistent with our findings in reproductive rats. In addition, 
we further examined the influence of trabecular thickness on post-OVX bone loss by 
separating rats into tertiles based on relative baseline trabecular thickness, adjusted for 
baseline BV/TV (Figure 6-12A). Results indicated that rats with a high baseline relative 
trabecular thickness underwent 15% less post-OVX bone loss than rats with a low 
baseline trabecular thickness (Figure 6-12C). ITD-based analysis, where post-OVX bone 
loss was tracked in each individual trabecula, confirmed this finding, indicating that 
thicker trabeculae underwent a significantly lower degree of post-OVX bone loss (Figure 
6-12D). Thus, post-OVX bone loss patterns in a homogeneous group of nulliparous rats 
are consistent with our findings in reproductive rats, indicating that a trabecular bone 
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phenotype with thicker trabeculae may be protective against estrogen-deficiency-induced 
bone loss.  
 Figure 6-12. Effects of baseline trabecular microstructure on post-OVX bone loss in a 
homogeneous group of 62 virgin rats. (A) Rats were separated into tertiles based on their 
relative baseline Tb.Th (normalized for baseline BV/TV). (B) Representative trabecular 
phenotype of rats in the Low, Medium, and High baseline Tb.Th groups. (C) Average 
percent reduction in BV/TV over 4 weeks post-OVX in each relative Tb.Th tertile. (D) 
ITD-based analysis indicating reduced bone loss in thicker trabeculae. * indicates 
significant difference between groups (p<0.05).  
 
  The effects of reproductive history on post-OVX bone loss at other skeletal sites 
(the lumbar vertebra and femur midshaft) were less clear. Few interaction effects between 
reproductive history and OVX status were found at either site, indicating minimal 
differences among the four experimental groups. Studies investigating the effects of 
pregnancy, lactation, and weaning at multiple skeletal sites have indicated that these 
processes affect the bone in a highly site-specific manner, with the proximal tibia and 
distal femur being affected more dramatically than the lumbar vertebra (Chapter 4)(15). 
Furthermore, evaluations of the effect of reproduction on bone mechanics indicated 
minimal differences in whole-bone mechanics at 6-8 weeks post-weaning at both the 
femur midshaft and lumbar vertebra (Chapter 5)(45). On the other hand, lack of 
detectable differences between OVX and intact rats may have been due to the timeframe 
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of the study: While the proximal tibia loses bone rapidly for the first 3 months following 
OVX, after which the trabecular structure stabilizes, the lumbar vertebra loses bone much 
more gradually after OVX, and does not reach a steady state until 9 months post-surgery 
(35,46,47). Although several studies did note a reduced trabecular volume and some 
deficits in bone mechanics at the rat lumbar spine by 3-4 months post-OVX, at this time 
point, OVX induced a substantially lower degree of deterioration at the vertebra than the 
proximal tibia (32,48-50). Post-OVX changes at the femur midshaft may take even longer 
to detect than those at the lumbar vertebra, as structural and mechanical changes at the rat 
femur midshaft are reported to be measureable only after 6-9 months post-OVX (35). 
Therefore, the timeframe of this study, which was selected to optimize the precise 
tracking of post-OVX changes at the proximal tibia, may have been insufficient to allow 
for evaluations of the effects of reproductive history on post-OVX changes at other 
skeletal sites. Future investigations, including a longer post-OVX monitoring period, will 
be required to confirm whether or not reproductive history impacts post-OVX changes at 
the femur and lumbar vertebra.  
 This study provided a precise evaluation of the effects of reproductive history on 
post-OVX bone loss. Use of a rat model allowed us to tightly control experimental 
conditions, including diet, physical activity, radiation exposure, and reproductive 
variables, which would not be possible in a clinical setting. However, the use of an 
animal model does limit the clinical applicability of these findings, as rats differ from 
humans in patterns of skeletal growth, cortical bone structure, and number of offspring. 
Thus, further clinical investigations are required to confirm the findings reported here. 
195 
 
 Overall, this study demonstrates that, in addition to its direct effects on trabecular 
and cortical bone microarchitecture, a history of reproduction also results in an altered 
skeletal response to estrogen-deficiency-induced bone loss later in life. Compared to 
virgins, rats with a reproductive history had a lower trabecular bone mass, altered 
trabecular microarchitecture, and a more robust cortical structure at the proximal tibia 
prior to OVX. However, as a result of the lower rate of post-OVX trabecular bone loss in 
the reproductive group, by 12 weeks post-OVX, there were no remaining deficits in 
trabecular microarchitecture in reproductive rats, while this group continued to show 
elevated trabecular thickness and increased robustness of cortical bone, relative to 
virgins. Further evaluation suggested that the protective effect of reproductive history on 
post-OVX trabecular bone loss may have been due to the altered pre-OVX trabecular 
microstructure, as the rate of bone loss was found to be strongly associated with the 
baseline Tb.Th and Tb.N. Taken together, these findings indicate that OVX effectively 
eliminates the long-lasting trabecular microstructural deficits induced by reproduction, 
which may explain, in part, how pregnancy/lactation bone loss are able to induce 
alterations in maternal bone microstructure without negatively affecting postmenopausal 
risk of osteoporosis or fracture. 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
A. Introduction 
 The overall objective of this thesis was to precisely track the changes in maternal 
bone structure and mechanics that occur as a result of pregnancy, lactation, and post-
weaning in a rat model, and to evaluate compensatory mechanisms that allow for the 
long-term maintenance of the mechanical integrity of the female skeleton in the face of 
permanent, reproduction-induced alterations in bone structure. A novel image analysis 
method was developed to quantify and longitudinally track trabecular bone formation and 
resorption activities at the rat tibia using in vivo µCT (Chapter 2). Longitudinal in vivo 
µCT was then used to track changes in trabecular and cortical microstructure and 
remodeling over the course of three repeated cycles of pregnancy, lactation, and weaning 
in a rat model (Chapter 3). Chapter 3 also evaluated the ability of cortical bone 
adaptations to compensate for trabecular bone loss, to allow for the maintenance of 
whole-bone stiffness in the face of reproduction-induced trabecular alterations. Further 
compensatory mechanisms that allow the maternal skeleton to maintain its load-bearing 
function despite reproductive bone losses were investigated in Chapters 4 and 5: The site-
dependent nature of reproductive bone loss/recovery was investigated by quantifying the 
effects of pregnancy and lactation at two distinct trabecular sites that play different 
relative roles in the skeleton's mechanical vs. metabolic functions (Chapter 4). 
Furthermore, the question of whether virgin females start off with more bone than is 
mechanically necessary in order to compensate for future reproductive bone loss, was 
addressed by evaluating the impact of reproduction on skeletal sexual dimorphisms 
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(Chapter 5). Finally, the impact of reproductive history on bone loss later in life due to 
postmenopausal estrogen deficiency was characterized by tracking changes in trabecular 
and cortical microarchitecture and evaluating cell activities post-ovariectomy in rats with 
and without a history of reproduction (Chapter 6). The major findings and conclusions of 
each of these studies are summarized in the current chapter.  
B. Chapter Two Conclusions 
 The skeleton is continually renewed via bone remodeling, and the balance 
between osteoblast-based bone formation and osteoclast-based bone resorption plays an 
important role in many physiological and pathophysiological skeletal processes. The 
standard method of measuring bone formation, through fluorescent-labeled dynamic 
histomorphometry, is limited by its two-dimensional, destructive nature, as well as its 
inability to quantify bone resorption. Recently developed, innovative techniques based on 
serial sectioning of trabecular bone (1,2) and time-lapsed in vivo µCT imaging of mouse 
caudal vertebrae (3), have overcome many of these limitations, and, as a result, allow for 
the quantification of both bone formation and resorption in three dimensions. However, 
serial sectioning is a destructive process, preventing the longitudinal monitoring of bone 
remodeling, while time-lapsed µCT-based evaluation of caudal vertebrae does not allow 
for assessment of more functionally relevant long-bone sites, as the dramatic changes that 
take place in the cortex of long bones due to skeletal growth makes it difficult to identify 
and precisely align the same trabecular bone regions in sequential µCT scans.  
 This study aimed to overcome these limitations to develop a robust, µCT-based, 
3D in vivo dynamic bone histomorphometry technique that would allow us to 
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longitudinally and simultaneously quantify changes in bone formation and resorption at 
the rat tibia. The proximal tibiae of Sprague-Dawley rats were scanned at multiple time 
points by in vivo µCT. Using a three-step image registration procedure, whereby the 
trabecular compartment was isolated and registered independently of the surrounding 
cortical bone, a precise alignment of the trabecular elements in each scan was achieved. 
This was followed by application of an image transformation scheme that minimized 
interpolation bias between the baseline and follow-up images. By comparing the µCT 
images made at multiple time points on a voxel-by-voxel basis, a map of bone formation 
and resorption was generated, allowing for quantitative measurement of bone remodeling 
parameters. Accuracy was confirmed by performing a specimen-specific comparison of 
the bone formation sites identified through this technique to those identified based on 
standard, fluorescent-labeled dynamic histomorphometry. Furthermore, application to an 
experimentally relevant scenario demonstrated the ability of this in vivo dynamic bone 
histomorphometry technique to longitudinally track bone remodeling activities and detect 
differences in parameters of bone formation and resorption in response to osteoporosis 
treatment in a highly reproducible manner. 
 Overall, this study developed and validated a novel, in vivo dynamic bone 
histomorphometry technique that allows longitudinal, 3D measurement of trabecular 
remodeling in long bones. Application of this method provides great potential for 




C. Chapter Three Conclusions 
 Pregnancy, lactation, and weaning induce dramatic changes in maternal calcium 
metabolism. In particular, the increased calcium demand during lactation causes a 
substantial degree of maternal bone loss (4,5). This reproductive bone loss has been 
suggested to be partially reversible, as animal studies indicate that the skeleton undergoes 
an anabolic period following weaning, resulting in substantial new bone formation (6-8), 
and multiple clinical studies have found that parity and lactation history have no adverse 
effect on post-menopausal fracture risk (5). However, to our knowledge there have been 
few longitudinal studies tracking the effects of reproduction on bone microstructure, and 
therefore the precise effects of pregnancy, lactation, and post-weaning recovery on bone 
structure are not well understood.  
This study aimed to address this question by longitudinally tracking changes in 
trabecular and cortical bone microarchitecture at the proximal tibia in rats throughout 
three cycles of pregnancy, lactation, and weaning using in vivo µCT. During the first 
reproductive cycle, the trabecular thickness underwent a reversible deterioration during 
pregnancy and lactation, which was fully recovered after weaning, while other 
parameters of trabecular microarchitecture, including trabecular number, spacing, 
connectivity density, and structure model index, underwent a more permanent 
deterioration which recovered minimally. Thus, pregnancy and lactation resulted in both 
transient and long-lasting alterations in trabecular microstructure. Over subsequent 
reproductive cycles, the extent of trabecular bone loss during lactation and the recovery 
post-weaning were highly similar to the first cycle, while subsequent pregnancies induced 
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minimal changes. In the meantime, multiple reproductive cycles appeared to improve the 
robustness of cortical bone (resulting in an elevated cortical area and polar moment of 
inertia), as well as increase the proportion of the total load carried by the cortical bone at 
the proximal tibia. Thus, the improved structure and increased loadbearing capacity of the 
cortical bone appeared to compensate for the irreversible trabecular microstructural 
deterioration, as three repeated reproductive cycles did not affect whole-bone stiffness. 
Overall, this study provided a thorough characterization of the precise structural 
changes undergone during pregnancy, lactation, and weaning, and confirmed previously 
reported findings that, although the skeleton enters into an anabolic phase following 
weaning, the trabecular microarchitecture does not recover completely. The changes in 
the cortical and trabecular compartments over the course of three reproductive cycles 
suggest that, while rat tibial trabecular bone appears to be highly involved in maintaining 
calcium homeostasis during female reproduction, and as a result is irreversibly altered, 
cortical bone adapts to increase its load-bearing capacity, allowing the overall mechanical 
function of the bone to be maintained.  
D. Chapter Four Conclusions 
 The degree of maternal bone loss during pregnancy and lactation and the extent of 
post-weaning recovery have been shown to be highly variable among different skeletal 
sites, with some sites showing no long-term reproduction-associated bone loss, while 
others showed irreversible structural deterioration that remained long after weaning (9-
11). This finding, combined with the wide consensus that reproductive history does not 
adversely affect postmenopausal fracture risk (5), led us to hypothesize that the trabecular 
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bone at skeletal sites that undergo irreversible bone loss during reproduction may play 
more of a metabolic, rather than a mechanical role. In particular, we anticipated that the 
degree of reproductive bone loss/recovery at different trabecular sites may vary 
depending on the extent to which the trabecular compartment is involved in the bone's 
load-bearing function, with sites that are critical to the bone's load-bearing function 
undergoing a lower degree of reproduction-associated bone loss and a more complete 
recovery post-weaning, while sites that play less of a structural role may be more likely to 
undergo irreversible deterioration during reproduction.  
 To test this hypothesis, we quantified the proportion of the load carried by the 
trabeculae, as well as the extent of reproductive bone loss and recovery, at two distinct 
skeletal sites: the tibia and lumbar vertebra, in a rat model. Consistent with our previous 
study (Chapter 3), both sites underwent significant bone loss during pregnancy and 
lactation, which was partially recovered post-weaning. However, the extent of the 
deterioration and the resumption of trabecular load-bearing capacity after weaning varied 
substantially between the two sites. Tibial trabecular bone, which bore a low proportion 
of the total applied load, underwent dramatic and irreversible microstructural 
deterioration during reproduction. Meanwhile, vertebral trabecular bone bore a greater 
fraction of the load, underwent minimal deterioration in microarchitecture, and resumed 
its full load-bearing capacity after weaning. 
 The differential reproductive bone loss/recovery at trabecular sites that play 
variable roles in the bone's load-bearing function may constitute a compensatory 
mechanism that allows the maternal skeleton to maintain its mechanical function in the 
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face of the metabolic challenge induced by reproduction. This may, in part, explain the 
paradox that pregnancy and lactation result in dramatic maternal bone loss without 
adversely affecting postmenopausal fracture risk. Further investigation into this model 
has the potential to provide important insight into the relative roles of the skeleton in 
providing mechanical support and in serving as a mineral reservoir to maintain 
homeostasis during periods of high metabolic demand. 
E. Chapter Five Conclusions 
 Taken together, our findings 1) that cortical bone is able to compensate for 
trabecular bone loss to maintain bone's structural function after reproduction (Chapter 3), 
and 2) that trabecular bone undergoes a variable extent of reproductive bone 
loss/recovery depending on its mechanical vs. metabolic function (Chapter 4), explain, in 
part, the paradox that reproduction induces dramatic and long-lasting changes in maternal 
skeletal phenotype without increasing postmenopausal risk of fracture. However, the 
dramatic and irreversible nature of reproductive bone loss, combined with the minimal 
deleterious long-term effects on fracture risk, also suggest the possibility that, prior to 
reproduction, females may start off with more bone than is necessary to fulfill the 
skeleton's mechanical function. This would allow for "buffer" which could compensate 
for possible future reproductive bone losses. Indeed, this possibility was previously 
suggested by the Miller group (6,9,11), but the hypothesis has not been directly tested. In 
contrast to females, one might also expect that, since males do not undergo pregnancy- 
and lactation-associated bone loss, and therefore do not need this additional buffer, they 
should undergo minimal changes in bone structure throughout their adult lives. This 
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study aimed to test these hypotheses by investigating the impact of sex and reproductive 
history on rat bone structure and mechanics. 
 The structural and mechanical properties of male, virgin female, and post-
reproductive female rat bone were compared at multiple skeletal sites and at three 
different ages. Overall, virgin female rats were found to have a greater quantity of 
trabecular bone, with greater trabecular number, elevated connectivity, and more plate-
like morphology, and, relative to their body weight, had a greater cortical bone size and 
greater bone strength than males. Reproduction resulted in a trabecular microarchitecture 
with lower trabecular number and connectivity, and a more rod-like morphology, as 
compared to virgin females, which persisted long after weaning, with minimal effects on 
cortical bone size and with minimal impact on whole-bone mechanics. Strikingly, 
trabecular bone structure in post-reproductive females was highly similar to that of male 
rats, and, when normalized for their body size, the mechanical properties of post-
reproductive female bone remained greater than those of males.  
 Taken together, these findings indicate that, as compared to their male 
counterparts, reproductive females have no skeletal deficits, in spite of persistently 
altered trabecular microstructure relative to virgin females, which supports the hypothesis 
that virgin females may start off with more trabecular bone than is mechanically 
necessary in order to compensate for potential future reproductive bone losses.  
F. Chapter Six Conclusions 
 The first two aims of this thesis clarified reproductive bone loss patterns (Chapter 
3) and identified important structural adaptations that allow the maternal skeleton to 
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maintain its load-bearing function following the irreversible changes that take place 
during reproduction (Chapters 3-5). These compensatory mechanisms explain, in part, the 
paradox that reproductive history induces permanent alterations in maternal bone 
structure without affecting postmenopausal risk of fracture (5). However, 
postmenopausal bone loss further impacts both trabecular and cortical structure, and the 
effects of the reproduction-induced alterations in skeletal microarchitecture and loading 
distribution on postmenopausal bone loss patterns remain unknown. The current study 
aimed to better understand these long-term, reproductive effects. We hypothesized that 
reproduction-associated alterations in bone structure and biology may result in distinct 
patterns of estrogen-deficiency-induced bone loss.  
 To test this hypothesis, we directly compared changes in bone structure following 
ovariectomy (OVX) surgery in rats with and without a history of pregnancy and lactation. 
In vivo µCT-based longitudinal evaluation of trabecular structure over a 12-week post-
OVX period indicated that rats with a reproductive history underwent a much slower rate 
of trabecular bone loss at the proximal tibia compared to virgin rats that had not 
undergone prior reproductive cycles. Furthermore, reproductive rats showed minimal 
changes in trabecular microarchitecture following OVX, while virgin rats underwent 
dramatic deteriorations in trabecular number, connectivity and structure model index. 
FEA-based evaluation of whole-bone stiffness at the tibia showed that, in virgin rats, the 
whole-bone stiffness declined substantially following OVX, while reproductive rats 
showed no changes in whole-bone stiffness. Quantification of cortical bone structure at 
this site indicated no post-OVX changes in cortical microarchitecture in either group of 
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rats, although rats with a reproductive history had more robust cortical bone structure 
than virgins both before and after OVX. Thus, reproductive history appeared to be 
protective against future estrogen-deficiency-induced bone loss. 
 Next, this study sought to investigate possible mechanisms behind this protective 
effect. Histological evaluation of bone cell activities demonstrated minimal differences in 
osteoblast and osteoclast activities based on reproductive history, suggesting that the 
differential rates of post-OVX trabecular bone loss did not result from differences in bone 
biology. On the other hand, linear regression analysis indicated that baseline trabecular 
microstructural parameters were highly correlated with the degree of post-OVX bone 
loss. The baseline trabecular number and trabecular thickness, in particular, explained a 
high proportion of the variation in the post-OVX bone loss rate, with a lower baseline 
trabecular number and greater baseline trabecular thickness appearing to be protective 
against OVX bone loss.  
 Taken together, results from this study indicate that the rat skeletal response to 
OVX is highly dependent on previous reproductive history. Furthermore, as a result of 
the differential bone loss patterns that take place in rats with and without a reproductive 
history, OVX effectively eliminates the long-lasting trabecular microstructural deficits 
caused by reproduction. Together with our previous findings, this helps to clarify how 
pregnancy/lactation bone loss are able to induce long-lasting alterations in maternal bone 




G. Overall Study Conclusions 
 The studies presented here established an animal model and imaging platform that 
allowed for the precise, in vivo tracking of immediate and long-term effects of pregnancy, 
lactation, and weaning on maternal bone. Overall, our results confirmed the dramatic 
effects of pregnancy and lactation on maternal bone structure and mechanics at multiple 
skeletal sites. Further tracking of trabecular and cortical bone microarchitecture indicated 
that, while some skeletal changes in response to reproduction are transient, others have 
long-lasting impacts on the bone's mechanical integrity and remodeling dynamics. In 
spite of permanent reproduction-induced deficits in trabecular microarchitecture, the 
maternal skeleton was found to undergo several important structural adaptations that 
allowed it to maintain its load-bearing function. We identified three such compensatory 
mechanisms: 1) Adaptations of cortical bone and alterations in the load-sharing between 
the trabecular and cortical compartments allowed for the maintenance of whole-bone 
mechanics, in spite of trabecular bone loss. 2) Site-specific differences in the degree of 
reproductive bone loss and the extent of post-weaning recovery resulted in a lower degree 
of trabecular microstructural deterioration at sites where the trabecular plays a critical 
load-bearing role. 3) Females appeared to start off with more bone than is mechanically 
necessary, which allowed for a buffer to offset future reproductive bone loss.  
 In addition to these compensatory mechanisms that contribute directly to the 
maintenance of skeletal structural integrity during and after reproduction, our final 
investigation of the effects of reproductive history on bone loss patterns later in life also 
indicated a protective effect of reproduction on future estrogen-deficiency-induced bone 
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loss. Namely, rats with a history of pregnancy and lactation were found to undergo lower 
rates of post-OVX bone loss than virgin rats with no prior history of reproduction, 
resulting in a greater tibial stiffness after OVX in the reproductive rats. All together, this 
work forms a strong foundation upon which to base further studies into the impacts of 
pregnancy, lactation, and weaning on both immediate and long-term maternal skeletal 
health. 
H. Future Directions 
 Based on the results reported here, several possible future directions should be 
considered for this research field. These can be broadly classified into two categories: (1) 
further characterization of the impacts of reproduction on the maternal skeleton and 
exploration into the possible mechanisms behind reproduction-associated bone changes, 
and (2) improved prediction of postmenopausal bone loss/osteoporosis development 
based on bone microarchitecture and remodeling activities.  
H.1 Impacts of reproduction on maternal bone biology and mechanics 
 All together, results from this thesis provided a thorough evaluation of both the 
immediate and long-term impacts of pregnancy and lactation on maternal bone structure, 
mechanics, and remodeling activities at multiple skeletal sites. The results from these 
studies indicated that reproduction induces substantial skeletal changes, including both 
transient and permanent alterations, and further evaluation suggested that innate 
compensatory mechanisms are present in the female skeleton that allow the bone to fulfill 
its structural and metabolic functions throughout the lifespan, despite the challenges 
induced by reproduction. However, there are several important remaining open questions 
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regarding the effects of reproduction on maternal bone material properties and regarding 
the biological mechanisms that underlie reproduction-associated skeletal changes. 
Furthermore, the clinical applicability of the results reported here for a rodent model 
remain to be confirmed, and the extent to which the findings reported here arose as a 
result of pregnancy vs. lactation warrants further investigation.  
H.1.1 Clinical applicability of results reported in this thesis  
 To date, clinical evaluations of the immediate effects of reproduction on maternal 
bone structure have been limited by the need to avoid ionizing radiation exposure during 
pregnancy, as well as the difficulty in obtaining baseline scans in young, healthy women. 
Thus, little is known regarding the precise effects of human pregnancy and lactation on 
maternal bone microarchitecture and skeletal mechanics. Although the rat has been 
shown to be highly predictive of clinical skeletal responses in many physiological and 
pathophysiological circumstances (12,13), there are several important differences 
between rat and human physiology, which limit the clinical translatability of the findings 
reported here. Most importantly, rats undergo a higher degree of reproductive bone loss 
than humans as a result of their large litter sizes, the long bones of rats continue to grow 
throughout most of their lifespan, and, although postmenopausal bone loss can be 
simulated in a rat model through ovariectomy, rats do not naturally undergo menopause.  
 In spite of these physiological differences, several preliminary clinical evaluations 
using high resolution peripheral quantitative CT (HR-pQCT) have indicated patterns of 
trabecular bone loss and recovery during lactation/post-weaning in a clinical scenario 
which were highly consistent with the animal findings reported here. Notably, a 
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preliminary longitudinal study using HR-pQCT to evaluate microstructural changes in 
women in response to lactation indicated a significant, 3% reduction in inner trabecular 
density at the distal radius over the course of 6 months of lactation, which persisted 6 
months post-weaning (14). In addition, a more recent HR-pQCT based study also showed 
2.6% reduced trabecular thickness and 2.6% reduced BV/TV at the distal tibia at 12-
months post-partum in women who had lactated for at least 9 months (15), while another 
study showed that up to 3.6 years after delivery, women who lactated had reduced Tb.N 
and BV/TV, and elevated Tb.Th and Tb.Sp, as compared to baseline (16). These findings 
are consistent with the long-lasting lactation-induced alterations in trabecular bone 
structure reported in rats in the current study. In addition, our finding that, 3 months after 
OVX, all rats had a similar trabecular microstructure, regardless of their reproductive 
history, is consistent with the large number of retrospective clinical studies which 
indicated that reproductive history does not adversely affect future osteoporosis risk (5). 
Thanks to the increasing availability of HR-pQCT scanners, as well as that of high-
resolution µMRI systems, we anticipate that a thorough evaluation of the clinical 
applicability of all of the findings reported in this thesis will be performed in the near 
future. 
H.1.2 Differential effects of pregnancy vs. lactation 
 In addition to confirming the results reported in this thesis in a clinical model, 
future studies should also be performed to delineate the individual impacts of pregnancy 
and lactation on the maternal skeleton. Although the stages of pregnancy and lactation are 
strongly associated with one another, both temporally and physiologically, pregnancy and 
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lactation are distinct processes that induce different types of metabolic strain on the 
maternal physiology and are regulated by different combinations of calciotropic 
hormones (5). Furthermore, although current public health guidelines strongly 
recommend at least 6 months of breastfeeding (17,18), there is wide variability among 
individuals and populations in the extent and duration of lactation, and a substantial 
fraction of women do not breastfeed at all (17,18). 
 Therefore, an improved understanding of the differential impacts of pregnancy 
and lactation on the findings reported here is highly clinically relevant. In particular, 
quantification of the degree of reproductive bone loss, the extent of recovery, the ability 
for compensatory mechanisms to maintain the mechanical integrity of the maternal 
skeleton, and the impact of reproduction on later estrogen deficiency-induced bone loss, 
in a model where pregnancy is not followed by lactation (pregnancy-only model), would 
allow for a direct evaluation of the contributions of pregnancy and lactation to the results 
reported here. Our pilot study evaluating longitudinal changes in trabecular bone during 
and after pregnancy (without lactation) at the proximal tibia indicated a continued decline 
in trabecular number over the first three weeks following parturition, even when rats did 
not lactate. Furthermore, it has been postulated that the unique hormonal changes that 
take place during lactation may play a role in priming the skeleton for post-weaning 
recovery (5). Taken together, this suggests that post-parturition skeletal recovery may 
occur more slowly in the absence of lactation. On the other hand, the maternal skeleton is 
likely to undergo a substantially lower degree of structural deterioration when lactation 
does not occur. Thus, the direct impact of lactation on reproduction-associated skeletal 
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deterioration and recovery remains unclear and should be evaluated in future 
investigations.  
H.1.3 Reproduction-associated changes in bone material properties 
 This thesis primarily focused on the direct and indirect effects of pregnancy, 
lactation, and weaning on maternal bone microstructure. In addition, several preliminary 
investigations into reproduction-associated changes in bone material properties were 
performed. Namely, we found that lactation resulted in a significant reduction in the 
tissue-level modulus of the vertebral trabeculae (as measured through nanoindentation), 
and also that pregnancy and lactation induced long-lasting changes in the tissue mineral 
density (TMD) of the proximal tibial cortex, suggesting that, in addition to the its 
structural effects, reproduction may also impact bone tissue-level material properties. 
However, further work needs to be done to more thoroughly characterize the precise 
changes in mineral and collagen composition that occur as a result of pregnancy, 
lactation, and weaning, as well as the impact of these changes on tissue-level mechanical 
properties. In addition, the mechanisms behind such reproduction-associated changes in 
bone material properties remain to be elucidated.  
 The dramatic changes in maternal physiology and bone structure that take place 
during pregnancy and lactation open up several potential pathways through which bone 
tissue-level properties may be modified. One possibility is that the new bone tissue that is 
deposited during the rapid bone formation that takes place post-weaning may have 
different material properties than the older bone tissue that was present prior to 
reproduction. Indeed, our results indicate that, although the nanoindentation modulus in 
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the center regions of the trabeculae was no different between 6-week post-weaning rats 
and virgin controls, at the trabecular surfaces the post-weaning modulus was substantially 
reduced (Chapter 4, Figure 4-7). Furthermore, the hardness of bone tissue located on the 
trabecular surfaces was also significantly lower than that of virgin rats at 6 weeks post-
weaning, while the hardness of the central trabecular tissue was unaltered. In the same 
study,  dynamic histomorphometry indicated pervasive new bone formation on the 
trabecular surfaces following weaning (Chapter 4, Figure 4-4), leading us to hypothesize 
that the observed post-weaning reductions in mechanical properties at the surface regions 
may have been be due to incomplete mineralization of the bone that was newly formed 
after weaning. However, this conjecture remains untested, as the precise origin of bone 
tissue tested through nanoindentation was not evaluated. Furthermore, whether or not the 
reduced post-weaning hardness and modulus of this surface bone tissue are recovered 
over the long-term, as the newly formed tissue matures through secondary mineralization, 
remains an open question. Future studies should be performed to elucidate the timecourse 
of post-weaning recovery on bone tissue-level properties. In addition, to determine the 
tissue-level quality of the bone that is deposited during the rapid period of bone formation 
that takes place post-weaning, the material properties of bone tissue formed after weaning 
should be directly compared with those of bone that is formed through standard bone 
remodeling not associated with reproduction. This can be performed through a 
fluorochrome labeling strategy (19), where multiple fluorochrome injections can allow 
for the identification of bone tissue formed during different physiological phases. By 
performing tissue-level mechanical tests such as nanoindentation at specific sites 
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identified through fluorochrome labeling, the local mechanical properties of bone tissue 
formed during different phases of the reproductive cycle, and of tissue formed during 
normal, physiological bone remodeling (not associated with reproduction) can be 
compared.  
 In addition to differences in material properties resulting from tissue age and bone 
remodeling mechanisms, reproduction-associated changes in tissue-level properties may 
also arise as a result of osteocyte perilacunar remodeling, where osteocytes directly 
modulate their surrounding environment. Multiple studies have demonstrated that 
osteocytes resorb their perilacunar/canalicular matrix during lactation, and deposit new 
matrix on their perilacunar and canalicular surfaces after weaning (20,21). Such changes 
result in an increase in lacunar size during lactation, which is recovered to virgin levels 
by 1 week post-weaning (20,21). Furthermore, these osteocyte perilacunar/canalicular 
changes were found to be associated with a reversible reduction in the micro-scale elastic 
modulus of the mouse femur during lactation (20), indicating that direct osteocyte 
remodeling has the potential to impact bone tissue-level properties during reproduction. 
Consistent with this idea, our current study also demonstrated that the center of 
trabeculae (which would be unlikely to be affected by osteoblast/osteoclast-based bone 
remodeling) underwent a reduction in nanoindentation modulus during lactation, which 
was recovered following weaning (Chapter 4, Figure 4-7). Furthermore, a pilot study in 
our lab comparing the elastic modulus of bone tissue located 10 µm from the center of 
osteocyte lacunae with that located more distantly at 25 µm from the lacunar center, 
indicated that, during lactation, the elastic modulus at sites adjacent to osteocyte lacunae 
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(10 µm) was 5% lower than that located more distant from osteocyte lacunae, whereas 
the opposite was true post-weaning. This suggests that direct modulation by osteocytes of 
their surroundings has the potential to impact bone tissue-level mechanics during 
reproduction. However, much remains unknown regarding the impacts of osteocyte 
perilacunar remodeling on bone tissue-level properties. Future studies may include: 1) 
direct characterization of osteocyte lacunar and canalicular geometry through nano-CT 
and/or confocal microscopy; 2) quantification of local variations in bone tissue 
mineralization through backscattered scanning electron microscopy (bSEM) and Raman 
spectroscopy; and 3) continued evaluation of local changes in bone tissue mechanics 
through micro- and nano-indentation. By correlating pregnancy- and lactation-associated 
changes in lacunar/canalicular size and bone tissue composition with local mechanical 
properties, important insight can be gained into the role of osteocytes in maintaining 
skeletal structural integrity during the reproductive period.  
H.1.4 Biological mechanisms underlying reproduction-associated skeletal changes 
 The majority of the studies reported in this thesis, as well as most of the future 
experiments proposed thus far, have focused on quantitatively defining the effects of 
pregnancy and lactation on maternal bone. While such characteristic studies are critical to 
our understanding of the changes in bone structure and mechanics that take place 
throughout the lifespan, a complete understanding of the underlying physiology also 
requires that the biological mechanisms behind these reproduction-associated alterations 
be elucidated.  
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 To date, little is known regarding the biological cues that induce pregnancy- and 
lactation-associated bone loss and post-weaning recovery. Endocrine signals, including 
reductions in serum levels of estrogen and elevations in serum levels of parathyroid 
hormone-related protein (PTHrP) are known to play an important role in lactation bone 
loss (22-24). Post-weaning, the normalization of hormone levels likely signals the 
cessation of bone resorption (5). In addition, weaning has been shown to trigger a 
transient increase in serum calcium levels and decrease in serum levels of parathyroid 
hormone (PTH), together with a reduction in the expression of receptor activator of 
nuclear factor-κB ligand (RANKL) mRNA in bone, which are thought to contribute to 
post-weaning osteoclast apoptosis (25). However, the extent of lactation bone loss cannot 
be fully explained by altered serum levels of estrogen and PTHrP (26), and the molecular 
mechanisms mediating post-weaning elevations in bone formation remain largely 
unknown (5). Therefore, a precise evaluation of the changes in hormone levels and gene 
expression during reproduction, followed by mechanistic studies confirming the effects 
of such changes using genetic knockout models, is warranted.  
 In addition, the biological mechanisms underlying the protective effect of 
reproduction against future estrogen-deficiency-induced bone loss remain unclear. Our 
study suggested that reproductive history minimally affects post-OVX changes in 
osteoblast and osteoclast activities, and indicated that differences in the rate of post-OVX 
bone loss between rats with and without a reproductive history are likely largely due to 
differences in their baseline microarchitecture (Chapter 6). However, alternate 
explanations behind the protective effect of reproductive history on post-OVX bone loss 
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have not yet been examined. For instance, it is plausible that reproduction induces 
alterations in the mechanosensitivity of bone, as the documented ability of osteocytes to 
directly remodel their surroundings during/after reproduction (20,21) may result in 
changes in the precise structure of the lacunar-canalicular network, which could, in turn, 
lead to alterations in the ability of these cells to sense and respond to mechanical 
stimulation. Future studies that evaluate the impact of reproductive history on bone 
formation in response to anabolic mechanical stimulation such as axial compressive 
loading, combined with direct measurements of fluid flow in the osteocyte lacunar-
canalicular network (27) will allow the effects of reproduction on skeletal 
mechanosensitivity to be elucidated.  
Reproductive history may also impact osteoporosis development in other ways. 
For instance, the quantity of adipose tissue present in the bone marrow has recently been 
recognized to play an important role in osteoporosis pathophysiology (28). Lactation has 
been shown to induce a reduction in bone marrow adiposity (29), suggesting that 
reproduction may also influence maternal skeletal physiology through its effects on bone 
marrow fat. Further evaluation of the immediate and long-term effects of pregnancy, 
lactation, and weaning on bone marrow composition will yield important insight into the 
long-term effects of reproduction on maternal skeletal health.  
H.2 Imaging-based prediction of bone loss and osteoporosis development 
 Aside from the impact of reproduction on maternal bone, the investigation of 
post-OVX bone loss in rats with various baseline trabecular bone microarchitectures in 
Chapter 6 also opens up important avenues for research into the structural mechanisms 
221 
 
behind osteoporotic bone loss. The impact of trabecular microarchitecture on bone 
stiffness is well established. For instance, studies have demonstrated that trabecular plates 
make a greater contribution to the bone’s structural stiffness than do rods and that 
vertically oriented trabecular elements play a greater role than horizontal elements in 
determining trabecular mechanics (30,31). 
However, substantially less is known regarding the potential for trabecular 
microarchitecture to impact bone remodeling activities. Several computational studies 
(32,33), as well as a cross-sectional clinical evaluation (34), have suggested that the bone 
loss rate may be affected by the surface area of the bone that is available for 
osteoblasts/osteoclasts to act upon. In addition, modeling-based studies have indicated 
that, in addition to the metabolic bone remodeling deficit, where bone loss occurs due to 
increased activity of osteoclasts relative to osteoblasts, another significant contributor to 
osteoporotic bone loss is microstructural decay, where perforated trabeculae and 
separations of trabeculae from the surrounding structure cause accelerated bone loss 
(35,36). Our findings directly built upon these studies, indicating that a baseline 
trabecular microstructure with fewer trabeculae and a lower connectivity density, but 
greater trabecular thickness, is associated with a lower degree of estrogen-deficiency-
induced bone loss. However, the precise structural mechanisms behind these patterns of 
osteoporotic bone loss remain unclear.  
Future studies utilizing in vivo µCT to longitudinally track changes in trabecular 
microarchitecture in response to estrogen deficiency will help to elucidate the specific 
characteristics (including thickness, morphology, and location within the trabecular 
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compartment) of trabeculae that are more likely to undergo deterioration during estrogen 
deficiency bone loss. Furthermore, by combining structural information from µCT 
images with mechanical modeling through imaging-based finite-element analysis (FEA), 
the impact of the loading environment on local bone remodeling activities can also be 
directly evaluated. An improved understanding of the effects of the microarchitecture and 
local loading patterns on bone remodeling may allow the precise pattern of osteoporotic 
bone loss to be predicted based on a µCT image. This may have important clinical 
applications: as the use of HR-pQCT scanners becomes more common-place, the ability 
to predict osteoporotic bone loss patterns may allow for improved identification of 
women at risk for developing osteoporosis, which could allow for earlier intervention.   
I. Final Conclusions 
 All together, these studies provided important information on both the immediate 
and long-term effects of reproduction and lactation on the maternal skeleton. We 
conclude that, although reproduction induces dramatic structural changes, many of which 
remain long after weaning, the maternal physiology also comprises several innate 
compensatory mechanisms that allow for the maintenance of skeletal mechanical 
integrity throughout the lifespan despite permanent, reproduction-induced skeletal 
changes. The findings reported here lay the groundwork for future investigations to more 
closely assess the mechanisms behind reproductive bone loss, recovery, and response to 
estrogen deficiency, as well as evaluate the effects of reproduction on bone material 
properties and mechanosensitivity. In addition, translation of these findings to a clinical 
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setting will allow for an improved understanding of osteoporosis risk factors in women 
both with and without a reproductive history. 
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